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This  report  concerns t  The  results  of  quantitative  measurements  of 
the  influence  of  oral  administration  of  various  combinations  of  cysteine,  re¬ 
duced  glutathione  (OSH),  2-aadLnoethylisothicruronium  (AET),  and  2-mercapto- 
ethylandne  (MEA)  on  the  radiation-induced  changes  in  enzyme  activity  of  the 
spleen,  thymus  glands,  and  small  intestine  of  the  ratr,  The  influence  of 
sodium  pentobarbital  (Nembutal)  on  the  radioprotective  activity  of  some  of 
these  mixtures  was  also  investigated* 

jamsdlate  or  ultimate  application  of  the  results!  To  obtain  infor¬ 
mation  on  tUs  radioprotective  activity  of  various  sulfur-containing  compounds 
when  administered  orally  to  ratso  A  great  deal  of  information  Is  available 
concerning  the  ability  of  this  group  of  agents  to  reduce  the  damaging  effects 
of  radiation  when  given  intraperl toneally  or  intravenously  but  relatively  few 
studies  have  been  undertaken  to  ascertain  the  protective  activity  of  these 
agents  given  by  the  oral  route*  Information  of  this  nature  is  of  considerable 
value  when  considering  the  practical  use  of  nhendcal  compounds  as  radiopro¬ 
tective  agents*  Recent  studies  by  Melville  et  al«  (1)  have  shown  that  the 
oral  administration  of  mixtures  of  cysteine  and  AfcT  provides  substantial  pro¬ 
tection  against  the  lethal  affects  of  x-irradiation  and  that  pentobarbital 
(1,2,3)  enhances  tl»  radioprotective  aativity  of  this  mixture  in  rats  and 
monkeys*  Results  of  our  recent  studies  (U,5)  on  the  influence  of  oral  ad¬ 
ministration  of  various  radioprotective  agents  on  the  radiation-induced  changes 
in  the  enzyme  activities  of  certain  hematopoietic  tissues  and  the  intestine  of 
rats  indicated  that  in  general  the  compounds  tested  were  more  effective  when 
given  lntraperitoneally*  The  current  study  was  undertaken  to  obtain  additional 
information  concerning  the  influence  of  oral  administration  of  mixtures  of 
oertain  sulfur-containing  compounds  on  the  radiation-induced  ohanges  in  the 
enzyme  activities  of  the  spleen,  thymus  glands,  and  small  intestine  of  the  rat. 
It  is  anticipated  that  studies  of  this  nature  may  ultimately  be  of  value  in  the 
formulation  of  a  drug  treatment  that  will  provide  optima#  radioprotection  when 
given  by  the  oral  route* 


*  ***•«•*** 

Studies  were  recently  undertaken  in  this  laboratory  to  obtain  infor¬ 
mation  concerning  the  ability  of  various  radioprotective  compounds  to  reduce 
the  radiation-induced  changes  in  the  adenosine  triphosphatase  activity  of  the 
spleen  and  thymus  glands  and  in  the  cholinesterase  activity  of  the  small 
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Intestine  of  the  rat.  Results  of  these  studies  have  indicated  that  the  oral 
administration  of  sodium  dlethyldithioonrbaamt®  or  dimal&ylammonium  dimethyl- 
dithiocarbamate  was  not  capable  of  reducing  radiation-induced  changes  in  the 
enzyme  activities  of  these  tissues  whih  ftiVda  by  thi»  route  (5)  •  The  oral  ad¬ 
ministration  of  p-aainopropiophended  (PAH1')  wad  found  to  provide  substantial 
protection  to  the  spleen  and  intestine*  Tho  maximum  protective  effect  of  MEA 
by  this  route  occurred  at  two  hour*  after  oral  administration  (!*)•  Melville 
(3)  found  that  the  mixture  of  ASTand  cysteine,  given  orally,  provides  marked 
protection  against  the  lethal  effects  of  <  ^irradiation  in  monkeys.  Thus  ex¬ 
periments  were  performed  to  determine  the  ability  of  mixtures  of  various  com¬ 
pounds  to  reduce  the  injurious  effects  of  x-ray  in  the  spleen,  thymus  glands 
and  Intestine  of  the  rata 

The  results  of  Initial  studies  (6)  on  the  influence  of  orally  adminis¬ 
tered  mixtures  of  cysteine  and  AET  on  the  radiation-induced  changes  in  the 
enzyme  activities  0?  the  hematopoietic  tissues  and  intestine  of  rate  showed 
that  the  mixture  of  1,000  mgm./kgra.  of  cysteine  <md  6 00  mga,/kga0  of  AET  pro¬ 
vided  a  substantial  reduction  in  the  biological  effects  of  1*00  r  in  the  tissues 
studied*  Other  doses  of  AET  ranging  frees  300  rngn./kgoio  to  700  mga./kgsa*  were 
administered  with  1,000  mgm./kgm.  of  cysteine  but  were  less  effective  in  pre¬ 
venting  the  changes  in  enzyme  activity  of  one  or  snore  of  the  tissues  studied 0 
Preliminary  experiments  on  the  radioprotective  activity  of  200  mgm./kgm.  w 
2$0  mgm./kgm.  of  MEA  given  orally  in  a  mixture  with  1,000  nys./kga.  of  cysteine 
indicated  that  this  mixture  is  considerably  more  effective  when  given  intra- 
peritoneally*  Tho  present  report  consists  of  a  continuation  of  this  study  and 
describes  the  influence  of  oral  administration  of  various  mixtures  of  oysteine 
and  MEA,  reduced  glutathione  and  MEA,  AET  or  cysteine  on  the  radiation-induced 
changes  in  enzyme  activities  of  various  tissues  and  the  effect  of  pentobarbital 
on  the  radioprotective  activity  of  some  of  these  orally  administered  mixtures  0 

Materials  and  Methods »  Adult,  female  Sprague-Dawley  rats  were  used 
for  these  experiments •  THe- animals  were  housed  in  air-conditioned  quarters  at 
68°  to  75°  F«  and  were  given  Rockland  Rat  Diet  mid  water  ad  libitum.  I-irradi- 
ation  was  administered  as  a  single  whole  body  exposure  with  a  0.  E.  Maximar 
Therapy  unit  employing  the  follotdng  radiation  factoret  250  KVP,  15  me.,  0.25 
ma»  Gu  and  1  mm.  A1  added  filtration.  The  target-animal  distance  was  75  om0 
giving  a  dose  rate  of  3I4  r  to  36  r  per  minute  as  measured  in  air  with  a 
Viotoreen  ionization  chamber.  Tho  compounds  tested  for  radioprotective  ac¬ 
tivity  were  injected  as  neutral  aqueous  mixtures.  In  all  oases  the  concen¬ 
trations  were  adjusted  to  permit  the  administration  of  total  volumes  not  ex¬ 
ceeding  1.2$  of  the  body  weight. 

The  adenosine  triphosphatase  activity  of  the  spleens  and  thymus  glands 
was  measured  according  to  the  method  of  DuBois  and  Potter  (7)  using  Q<>5%  homoge¬ 
nates  of  spleen  and  1$  homogenates  of  thymus  glands.  Assays  were  performed  in 
duplicate  using  0.1  ml.  and  0.2  ml.  of  each  aqueous  tissue  homogenate.  In¬ 
organic  phosphorus  was  determined  by  the  method  of  Fiske  and  Subbar ow  (8)  and 
the  enzyme  activity  was  expressed  as  aicrograma  of  phosphorus  liberated  from 
adenosine  triphosphate  by  1  aiga.  of  tissue  during  a  15-ainute  incubation  periodo 
The  acetylcholinesterase  activity  of  the  small  intestine  was  determined  by  the 
man orre trie  method  of  DuBois  and  Hangup  (9),  A  portion  of  the  a«n  intestine 
was  freed  from  the  mesenteric  connective  tissue  and  fat  and  longitudinally 
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dissected  to  expel  the  contents®  The  tissue  was  washed  with  distilled  water, 
blotted  with  filter  paper,  minced  and  homogenized  in  Ringer-bicarbonate  buffer® 
Measurements  were  conducted  in  duplicate  using  50  ngra®  of  tissue  per  Warburg 
vessel o  Hie  vessels  were  gassed  with  CQg  and  9 5#  Ng  for  five  minutes o 
Carbon  dioxide  evolution  was  recorded  at  5-«ioute  intervals  for  a  period  of 
30  minutes  following  a  preliminary  10-ainute  equilibration ®  Acetylcholin¬ 
esterase  activity  was  expressed  as  nicroliters  of  COg  evolved  per  50  mgn®  of 
tissue  during  »  10-minute  Incubation  period «  The  degree  of  radioproteotion 
provided  by  the  chemical  compounds  in  the  tissues  studied  was  expressed  as 
per  cent  reduction  of  the  biologically  effective  radiation  dose®  The  data 
presented  in  this  report  were  calculated  using  the  dose  response  curves  and 
methods  described  In  a  previous  report  (10) « 


Results 

Hie  effects  of  oral  administration  of  mixtures  of  cysteine  and  2- 
mercaptoethylamine  on  the  changes  in  enzyme  activities'  of  the  apleen,  thymus 
glands,  andtlniestine a  of  rata  three  days  after  2*06  r~ of  x-lrradiatlon.  The 
results  of  preliminary  studies  (6)  on  the  influence  of  oral  administration  of 
cysteine  and  MEA  on  the  radiation-induced  changes  in  the  enzyme , activities  of 
the  spleens,  thymus  glands,  and  intestines  of  rats  indicated  that  mixtures  of 
200  mgm0/kgra0  or  250  ragfa®/kgm0  of  MEA  with  1,000  mgra®/kgm®  of  cysteine  are  more 
effective  when  given  intraperitoneally®  However,  since  no  gross  toodo  mani¬ 
festations  were  observed  following  these  treatments,  it  was  of  interest  to  ob¬ 
tain  information  concerning  the  radioprotective  activity  of  higher  doses  of 
these  agents®  For  these  experiments  groups  each  containing  four  rats  were 
given  mixtures  of  cysteine  and  MEA  at  various  intervals  before  1*00  r  of 
x-irrad±ation®  Three  days  later  the  animals  were  sadrifled  far  adenosine 
triphosphatase  assays  on  the  spleens  and  thymus  glands  and  cholinesterase 
measurements  on  the  intestines®  The  results  of  these  measurements  are  pre¬ 
sented  in  Table  10 

„  The  data  shown  in  Table  1  indicate  that  oral  administration  of  mixtures 
of  1,000  mgm./kgm®  of  cysteine  and  300  mgm./kgm®  or  hOO  mgm./kgm®  of  MEA  did  not 
provide  substantial  protection  to  the  spleen  and  intestine  when  given  30  minutes 
before  1*00  r  of  x-irradiatlon®  A  marked  reduction  in  the  biologioal  effeot  of 
1*00  r  in  the  spleen  was  observed  when  1,000  mgm./kgm®  of  cysteine  and  500  mg*®/ 
kgm®  of  MEA  were  given  at  this  time  interval®  In  view  of  these  results,  studies 
were  undertaken  to  obtain  information  on  the  radioprotective  activity  of  1,500 
mgau/kgm®  of  cysteine  given  orally  alone  and  as  a  mixture  with  500  mgm./kgm®  of 
MEA®  Administration  of  1,500  mgm./kgm®  of  cysteine  30  minutes  before  1*00  r  of 
x-ray  did  not  significantly  reduce  the  biological  effeot  of  1*00  r  in  the  tissues 
studied®  In  order  to  obtain  information  concerning  the  onset  and  duration  of 
radioprotective  activity  of  this  mixture  groups  of  animals  were  given  1*00  r  of 
x-ray  at  15  minutes,  2*5  minutes,  and  60  minutes  after  receiving  the  chemicals 0 
The  data  show  that  the  hematopoietic  tissues  are  not  significantly  protected  at 
15  minutes  after  administration  of  the  mixture  and  that  the  radioprotective  ac¬ 
tivity  of  these  compounds  is  no  longer  evident  in  the  tissues  of  animals  given 
1*00  r  of  x-ray  60  minutes  after  drug  treatment® 

The  effects  of  oral  administration  of  mixtures  of  reduced  glutathione 
and  other  sulfur-containing  compounds  on  the  changes  in  eosyae  activIHea  of 
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Activity  expressed  as  jaga<,  of  P  liberated  froa  ATP/agSo  of  tisaue/15 
’Activity  expressed  as  julo  of  CO,  evolved/50  ngae  tissue/10  ninuteSo 
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the  spleens,  thymus  glands,  and  intestines  of  rats  three  days  after  UOO  r  of 
x°»irredlatlooo  Results  of  experiments  presented  above  and  in  our  previous  T 
report  (6)  illustrate  that  the  oral  administration  of  mixtures  of  cysteine 
and  HEA  and  cysteine  and  AET  at  appropriate  intervals  before  x-irradiaticn 
provides  substantial  reductions  in  toe  biological  effeots  of  radiation  in  the 
spleens,  thymus  glands,  and  intestines  of  ratso  Therefore,  studies  were  under¬ 
taken  to  obtain  information  on  the  radioprotective  activity  resulting  from 
oral  administration  of  mixtures  of  glutathione  and  other  sulfur-containing 
agents©  For  these  experiments  groups  each  containing  four  rate  were  given 
mixtures  of  glutathione  and  HEA,  glutathione  and  AET,  or  glutathione  and 
cysteine  at  various  intervals  prior  to  1*00  r  of  x-irradiaticn©  Three  days 
later  the  animals  were  sacrificed  and  the  ensyne  activities  of  toe  spleens, 
thymus  glands,  and  Intestines  were  determined*  The  results  of  these  determi¬ 
nations  are  shown  in  Table  2© 

The  data  presented  in  Table  2  show  that  the  oral  administration  of 
1,500  mgm»/kgm,  of  reduced  glutathione  provided  19%  and  12^  reductions  in  the 
biological  effect  of  1|00  r  in  the  spleens  and  thymus  glands  respectively  when 
given  30  minutes  before  x-irradiatlon©  Substantial  protection  was  afforded  to 
the  tissues  studied  when  the  mixture  of  1,500  mgm./kgm0  of  glutathione  and  500 
mgm./kgm.  of  MEA  was  given  15  minutes  prior  to  radiation*  Results  of  experi¬ 
ments  undertaken  to  obtain  information  concerning  the  duration  of  radiopro¬ 
tective  activity  indicate  that  this  mixture  provides  significant  protection 
to  the  spleene  and  thymus  glands  but  did  not  reduce  the  injurious  effects  of 
x-ray  on  the  intestines  of  rats  irradiated  at  30  and  60  minutes  after  oral 
administration  of  the  mixture©  Mixtures  of  glutathione  plus  AET  and  gluta¬ 
thione  plus  cysteine  did  not  significantly  alter  the  radiation-induced  changes 
in  the  spleens  and  intestines  caused  by  1*00  r  but  provided  18^  and  20 %  re¬ 
ductions  respectively  in  the  biological  effect  of  x-irradiation  in  the  thymus 
glands. 


The  influence  of  sodium  pentobarbital  and  mixtures  of  various  sulfur- 
containing  compounds  on  the  changes  in  enzyme  activities  of  the  spleens,  toymue 
glands,  and  intestine's  of  rata  three  days  after  1*00  r  of  x-irradiatlon©  itol- 
ville  et  al.  (1,21  Have  recently  /ound  that  intraperitoneal  or  intravenous  in¬ 
jections  of  ' pentobarbital  enhanced  the  radioprotective  activity  of  orally  ad- 
rainiatered  AET  or  AET  and  cysteine  mixtures  as  measured  by  survival  studies  in 
rats  and  monkeys.  Results  of  previous  studies  (6)  in  this  laboratory  showed 
that  toe  mixture  of  1,000  mgmaAg^«  cysteine  and  600  ragm.Agm©  of  .AET  given 
orally  provides  substantial  reductions  in  the  biological  effects  of  1*00  r  in 
the  tissues  studied©  To  obtain  further  information  concerning  the  influence  of 
pentobarbital  on  the  radioprotective  activity  of  mixtures  of  AET  and  cysteine 
in  specifio  tissues,  groups  of  four  rats  were  given  various  mixtures  of  these 
compounds  orally  30  minutes  before  1*00  r  of  x-ray  and  25  mgm.AtP**  of  pento¬ 
barbital  was  given  intr aper itone ally  20  minutes  later©  Enxymo  assays  were 
performed  on  the  tissues  of  these  animals  three  days  later©  The  results  of 
these  and  other  experiments  are  shown  in  Table  3© 

The  data  presented  In  Table  3  show  that  the  oral  administration  of 
1,000  mgm./kgm.  of  cysteine  provided  a  26>©  reduction  in  the  biological  effect 
of  1*00  r  of  x-ray  in  the  spleen  but  did  not  significantly  benefit  the  thymus 
glands  and  intestines  and  that  25  mga./kgm.  of  pentobarbital  abolished  the 
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’Activity  expressed  as  .jignu  of  ?  liberated  from  ATP/mgm»  of  tissue/l5  minutes 
’Activity  expressed  as  pl»  of  CO^  evolved/50  ngn*  tissue/10  minutes o 
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In  fill  instances  sodium  pentobarbital  was  administered  by  the  intraperl toneal  route 
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protective  activity  of  cysteine  in  the  spleens.  Data  presented  in  our  pre¬ 
vious  report  (6)  showed  that  the  mixture  of  1,000  ragra./kgm,  of  cysteine  and 
600  agn./fegHo  of  AET  provided  marked  dose  reductions  in  all  the  tissues 
studied.  Intraparitoneal  injection  of  pentobarbital  reduced  the  beneficial 
effects  of  the  mixture  in  the  hematopoietic  tissues  and  totally  inhibited  the 
protection  observed  in  the  intestine.  Melville  and  Leffingwell  (2)  have 
shown  that  the  combination  of  AET,  pentobarbital,  and  x-irradiatioo  caused 
additive  or  even  synergistic  lethal  effects*  To  determine  whether  manifes¬ 
tations  of  drug  toxicity  reduced  the  radioprotective  activity  of  this  mixture, 
groups  of  animals  ware  given  various  dosage  levels  of  AET  and  cysteine*  It 
was  found  that  reducing  the  level  of  AET  in  the  mixture  to  1(00  mgm*/cgm»  en¬ 
hanced  the  protective  activity  of  this  treatment  in  all  the  tissues  studied  0 
However,  when  cysteine  or  both  cysteine  and  AET  were  reduced  this  mixture  did 
not  alter  the  effect  of  Uoo  r  in  the  intestine.  Administration  of  pentobarbi¬ 
tal  to  animals  previously  treated  with  the  mixture  of  1,000  mgmo/kgmc  of 
cysteine  and  $00  mgm»/kgm.  of  MEA  did  not  significantly  affect  the  protective 
activity  of  this  mixture  (Table  1)» 


Diocuasion 


This  investigation  consisted  of  a  continuation  of  experiments  recently 
undertaken  to  determine  the  effect  of  oral  administration  of  various  mixtures 
of  cysteine,  AET,  MEA,  or  glutathione  on  the  radiation-induced  changes  in  the 
adenosine  triphosphatase  activity  of  the  spleens  and  thymus  glands  end  in  the 
cholinesterase  activity  of  the  small  intestine  of  rats.  The  results  of  these 
experiments  showed  that  the  mixture  of  l,$O0  raga./kgm.  of  cysteine  and  $00  mg*,/ 

kgm,  of  MEA  given  30  minutes  before  x~irradiation  provided  substantial  reduction 
in  the  biological  effects  of  1(00  r  in  the  tissues  studied.  Treatment  of  the 
animals  at  other  time  intervals  before  radiation  exposure  with  other  dosage 
levels  of  this  mixture  failed  to  be  as  affective.  The  mixture  of  1,500  mgm»/ 

kgn.  of  glutathione  and  $00  ragm./kgm,  of  fEA  given  1$  minutes  prior  to  x-ray 
was  the  most  effective  dosage  schedule  of  this  mixture  tested  in  reducing  the 
biological  effects  of  radiation  In  the  spleen  and  intestine.  Administration  of 
this  mixture  at  30  minutes  to  60  minutes  before  radiation  provided  substantial 
protection  to  the  hematopoietic  tissues  but  did  not  reduce  the  damaging  effect 
of  UOO  r  in  the  Intestines. 

Studies  were  also  undertaken  to  obtain  information  concerning  the  in¬ 
fluence  of  sodium  pentobarbital  on  the  ability  of  mixtures  of  cysteino  and  AET  ' 
to  reduce  the  biological  effect  of  radiation  in  the  hematopoietic  tissues  and 
intestines  of  the  rat*  These  experiments  were  prompted  by  the  recent  findings 
of  Melville  and  Leffingwell  (2)  who  showed  that  intraperitoneal  injections  of 
pentobarbital  enhance  the  protective  activity  of  orally  adrdnletered  AET  against 
the  lethal  effects  of  ionizing  radiations  in  rats.  These  investigators  observed 
that  the  degree  of  radioprotective  activity  obtained  was  dependent  upon  adjust¬ 
ment  of  the  dosage  of  the  sulfur-containing  compounds  and  the  sedative  in  order 
to  eliminate  the  toxic  manifestations  of  the  protective  treatment  0  The  results 
of  studies  presented  in  the  current  report  Illustrate  these  observations*  The 
protective  activity  provided  the  intestine  by  tho  mixture  of  1,000  *gm./kgm0  of 
cysteine  and  600  mgm./kgv-^  of  AET  was  not  observed  when  pentobarbital  was  ad¬ 
ministered  ten  minutes  before  radiation  but  significant  protection  was  obtained 
in  the  tissues  studied  when  the  dose  of  AET  was  reduced  to  UOO  agmo/kga. 
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The  results  of  these  studies  Illustrate  that  various  mixtures  of 
sulfur-containing  compounds  are  capable  of  reducing  the  damaging  effects  of 
x-irradiation  in  the  hematopoietic  tissues  and  intestine  but  in  most  instances 
it  is  more  difficult  to  obtain  protective  activity  by  oral  administration  than 
it  is  when  the  agents  are  given  intraperitoneally.  Thirty-day  survival  studies, 
which  will  assist  in  the  evaluation  of  the  effectiveness  of  these  orally  ad¬ 
ministered  mixtures,  are  currently  in  progress. 


Si— ry 

1.  A  study  was  conducted  to  quantitatively  determine  the  radioprotective  ac¬ 
tivity  of  orally  acfcdni stored  mixtures  of  various  sulfur-containing  com¬ 
pounds  in  rats.  Doeea  of  MSA  ranging  from  300  mgm.Agm*  to  500  mga./kg*. 
ware  given  as  mixtures  with  1,000  m&u/kgm.  of  cysteine  30  minutes  before 
iiOO  r  of  x-lrradiation.  Tha  mixture  of  1,000  mgn./krgm,  of  cysteine  and 
500  mgm./Scgm.  of  MEA  provided  a  reduction  of  37$  in  the  biological  effect 
of  radiation  in  the  spleens  but  like  the  other  mixtures  tested  did  not 
substantially  benefit  the  thymus  glands  and  intestines.  Orel  adminis¬ 
tration  of  1,500  mgm./kgno  of  cysteine  and  500  mgm./k pa.  of  MBA  30  minutes 
before  x-ray  provided  narked  reductions  in  the  biological  effect  of  U00  r 
in  the  tissues  tested.  This  mixture  was  much  less  effective  when  given  15 
minutes,  minutes,  or  60  minutes  before  x-ray. 

2.  Experiments  undertaken  to  determine  the  protective  activity  of  mixtures 
of  glutathione  and  other  sulfur-containing  compounds  indicated  that  the 
mixture  of  1,500  mgm.Agxu  of  glutathione  and  500  ngm./tcgm.  of  MEA  given 
orelly  15  minutes  before  x-ray  provided  35/*,  20$,  and  29$  reductions  in 
the  biological  effect  of  UOO  r  in  the  spleens,  thymus  glands,  mad  intes¬ 
tines  respectively,  khan  this  treatment  was  given  at  30  minutes,  U5 
minutes,  or  60  minutes  before  x-ray,  it  provided  protection  to  the  hemato¬ 
poietic  tissues  hut  did  not  reduce  the  injurious  effects  In  tbs  intestines* 
Mixtures  of  glutathione  plus  AET  and  glutathione  plus  cysteine  did  not 
significantly  alter  the  radiation-induced  changes  In  the  enzyme  activities 
of  the  spleen  and  intestine  when  given  orally  30  minutes  before  hOO  r. 

3o  Results  of  studies  to  determine  the  influence  of  lntraperltoneal  injection 
of  sodium  pentobarbital  on  the  radioprotective  activity  of  chemical  agents 
given  orally  showed  that  25  mpu/kgm.  of  pentobarbital  nullified  the  pro¬ 
tective  effeot  of  1,000  mgm*Ag»*  of  cysteine  in  the  spleen.  In  most 
instances  pentobarbital  did  not  significantly  affect  the  protective  ac¬ 
tivity  of  the  mixtures  in  the  hematopoietic  tissues  but  reduoed  the  bene¬ 
ficial  effects  of  these  agents  in  the  intestine. 
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•This  report  concerns t  Results  of  experiments  undertaken  to  obtain 
additional  Information  concerning  the  influence  of  ionising  radiations  on  the 
development  of  the  phoanhOTothicate- oxidizing  enzyme  in  the  livers  of  young 
male  rats©  Observations  were  made  on  the  influence  of  shielding  the  head  and 
testes  on  the  radiation®induced  inhibition  of  the  development  of  the  .drug 
metabolizing  enzyme©  The  influence  of  sodium  pentobarbital  and  sodium  phen<*» 
bsrbital  on  the  development  of  this  enzyme  system  and  the  effect  of  x-irradi® 
ation  on  phenobarbital-induced  enzyme  synthesis  were  also  investigated©, 

Immediate  or  ultimate  application  of  the  results s  The  present  in® 
vestigation  constitutee a  continuation  of  studies  recently  initiated  to  obtain 
information  on  the  effects  of  ionizing  radiations  on  the  development  of  micro® 
atmal  enzymes  In  the  liver  which  are  resnonslble  for  the  oxidative  desulfur® 
stion  of  nhosnhorothioates  and  which  catalyze  the  metabolism  of  other  drugs 
and  toxic  compounds©  Previously  we  have  attempted  to  obtain  information  con® 
cerning  the  influence  of  x®irradiation  and  gamma  radiation  on  the  mechanisms 
responsible  far  the  normal  development  of  these  microacxne  enzymes  in  young 
male  rats©  Studies  in  this  (1)  and  other  laboratories  (2@3sU)  have  shown  that 
polycyclic  hydrocarbons  and  other  foreign  chemical  agents  enhance  the  activity 
of  liver  ndcroscme  enzymes  which  are  responsible  far  the  metabolism  of  various 
drugs  in  the  intact  aniraalo  Thus  a  considerable  portion  of  the  present  report 
is  concerned  with  the  results  of  studies  on  the  effect  of  x®irradiation  on 
drug-induced  stimulation  of  the  activity  of  drug  metabolizing  enzymeso  Results 
of  initial  studies  on  the  influence  of  radiation  on  drug-induced  stimulation  of 
enzyme  activity  indicate  that  200  r  or  hOO  r  of  x-ray  given  2h  hours  before 
initiating  a  series  of  daily  injections  of  various  doses  of  sodium  phenobarbital 
does  not  substantially  affect  the  degree  of  phenobarbital-induced  stimulation  in 
the  activity  of  the  phosphor othioate-oxidizing  enzymes  in  the  livers  of  adult 
female  and  young  male  rats©  Evidence  is  presented  that  shielding  the  head  and 
testes  while  the  remainder  of  the  body  is  exposed  to  radiation  reduces  the  de¬ 
gree  of  inhibition  in  the  development  of  enzyme  activity  caused  by  200  r  of 
x-ray©  It  Is  anticipated  that  information  obtained  from  these  experiments  will 
ultimately  assist  in  ascertaining  the  biological  mechanisms  involved  in  the  in® 
jurious  action  of  ionizing  radiations  on  mammalian  tissues© 

*«**-**#* 

A  systematic  study  was  recently  tinder taken  (5)  to  obtain  information 
concerning  the  radiation-induced  defect  in  the  development  of  microsome  enzymes 
which  are  responsible  for  the  metabolism  of  various  drugs  and  toxic  agents  in 
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the  livers  of  young  male  rats.  Results  have  indicated  that  doses  of  x-ray 
as  low  as  100  r  (6,7)  cause  substantial  reductions  in  the  rate  of  development 
of  the  enzyme  system,  that  the  inhibition  Is  reversible, .  and  that  the  enzyme 
activity  readies  normal  adult  levels' at  five  to  six  weeks  after  100  r  or 
200  r  of  x-irradiatioa  (8)»  A drcdtd stratton  of  a  second  dose  of  100  r  or  200  r 
of  x-irr*dlatioc  to  30~dsy  old  rats  at  seven  days  after  an  Initial  expoeure 
increased  the  period  required  for  synthesis  of  enzyme  activity  to  normal  adult 
levels j  however,  when  the  second  done  was  given  14  days  after  the  first  ex¬ 
posure  the  wioroeome  oxidases  developed  at  a  rate  similar  to  that  of  animals 
irradiated  only  at  23  days  of  age® 

Shielding  various  areas  during  x-ray  exposure  was  used  in  an  attempt 
to  gain  information  concerning  the  gross  site  of  radiation-induced  inhibition,, 
These  experiments  showed  that  shielding  the  testes  or  the  liver  area  did  not 
nrevent  the  inhibitory  effect  of  200  r  or  400  r  of  x-ray  on  the  development  of 
the  drug  metabolizing  enzyme  (?)»  It  was  also  found  that  the  administration  of 
600  r  (7)  or  800  r  (9)  of  x-ray  to  the  liver  area  while  shielding  the  remainder 
of  the  body  substantially  reduced  the  rate  of  development  of  the  enzyme  system 
during  the  latter  part  of  the  observation  period 0  The  present  report  describes 
results  of  experiments  on  the  influence  of  shielding  the  head  and  testes  on  the 
inhibitory  effect  of  200  r  of  x-ray  on  the  synthesis  of  this  enzyme  system,. 

In  our  previous  studies  we  have  been  interested  in  obtaining  information 
on  the  influence  of  Ionizing  radiations  on  the  normal  rate  of  development  of 
microsomal  enzyme  systems*  Recent  studies  by  Cooney  at  ai»  (2)  show  that  pre- 
treatment  of  young  rats  with  drugs  differing  widely  in  chemical  structure  and 
pharmacological  activity  stimulates  the  activity  of  drug-metabolizing  enzymes 
In  ndcrosomes  of  the  liver.  Measurements  were  made  of  the  effect  of  x-irradi® 
atlon  on  the  barbiturate-induced  stimulation  of  the  synthesis  of  the  phosphor o=> 
thioate-oocidixing  enzyme  system  in  the  liver  of  young  male  and  adult  female 
rats.  Results  of  these  measurements  indicated  that  administration  of  x-ray 
one  day  before  daily  injection  of  phenobarbital  does  not  significantly  affect 
the  drug-induced  stimulation  in  enzyme  activity. 

Materials  and  Methods*  Adult  female  and  young  male  Spragus-Dawley 
rats  were  used  for  these  experiments.  The  animals  were  housed  in  air-conditioned 
quarters  and  were  given  Rockland  Rat  Diet  and  water  ad  libitum,  X-irradiation 
was  administered  as  a  single  exposure  with  a  Go  E.  Maximar  therapy  unit  employing 
the  following  radiation  factors*  250  KVP,  15  ma*,  0*25  mm.  Cu  and  1  mm*  A1 
added  filtration.  The  target-animal  distance  was  75  cm*  giving  a  dose  rate  of 
34  r  to  36  r  per  minute  as  measured  in  air  with  a  Victoreen  ionization  chamber* 
Per  experiments  oh  the  effect  of  partial  body  shielding  on  the  development  of 
the  drug  metabolizing  enzyme  system,  weanling  rats  (23  days  old)  were  anesthe¬ 
tized  with  aqueous  solutions  of  sodium  pentobarbital  (25  ragm<>/kgmo  intrapecrlto- 
neally)  to  facilitate  accurate  placement  and  maintenance  of  the  lead  shields 
during  radiation  exposure.  Aqueous  solutions  of  sodium  phenobarbital  were 
given  intraperitoneally* 

For  enzyme  assays  the  rats  were  sacrificed  by  decapitation  and  the 
livers  were  quickly  removed,  weighed,  and  homogenized  in  cold  distilled  water* 
Guthioo  was  converted  to  its  active  metabolite  by  the  method  developed  by 
Murphy  and  DuBoia  (10)  in  this  laboratory  and  by  a  modification  of  the  method 
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used  by  Conney  et  si.  (i»)  for  other  reactions  catalysed  by  mloroscne  enzyaes0 
The  details  of  these' ' modifications  and  the  aethods  employed  in  the  calculation 
of  the  ensyee  activity  have  been  described  is  detail  In  a  previous  report  from 
this  laboratory  (11)* 


t 


Respite 

The  innaence  of  partial  body  shielding  on  the  development  of  the 
phosphor othioate-aritfa. sing  enzyme  syirfcem  in  the  livers  ofyounx  meie  rats*  In 
recent  studies  m  insplayed  partial  body  shielding  to  obtain  lnrcrmhlon  on  the 
gross  site  of  action  of  radiation  in  connection  with  the  inhibition  of  the  de¬ 
velopment  of  nioroecne  oxidases*  It  vu  found  that  200  r  or  UOO  r  of  x-irredi- 
ation  given  to  the  liver  area  only  does  not  Inhibit  development  of  the  enzyme 
system  in  contrast  to  the  marked  inhibition  resulting  from  these  doses  of  whole 
body  radiation o  Testosterone  stimulates  the  development  of  the  enzyme  system 
(10)  but  shielding  the  testes  during  irradiation  did  not  prevent  the  radiation- 
induced  Inhibition  of  development  of  the  enzyme  system*  Evidence  was  obtained 
which  Indicates  that  radiation  injury  to  the  adrenal  glands  may  be  a  factor  in 
the  delayed  development  of  enzyme  activity*  In  this  connection  daily  injections 
of  adrenal  cortex  extract  reduced  the  degree  of  radiation-induced  inhibition  of 
the  development  of  the  phosphorothioate-axidizing  enzyme  caused  by  200  r  of 
total-body  x-ray.  Experiments  were  undertaken  to  obtain  additional  information 
on  the  effect  of  partial-body  shielding  on  the  development  of  microsomal  ensyme 
activity  in  young  male  rats.  For  these  experiments  23-day  old  male  rats  were 
anesthetized  with  2£  mgm0/kgm.  of  sodium  pentobarbital  and  lead  shields  were 
nlacod  so  as  to  shield  the  head  and  the  testes.  The  remainder  of  the  body  was 
then  given  200  r  of  x-lrradlation.  The  animals  were  sacrificed  at  various 
Intervals  during  the  following  three  weeks,  a  portion  of  the  liver  was  removed 
and  the  micros  one  oxidase  activity  was  measured*  The  results  of  these  measure¬ 
ments  are  presented  in  Figure  1  where  each  Doint  on  the  curves  is  the  average 
of  measurement s  on  the  livere  of  at  least  four  animals. 

The  data  in  Figure  1  show  that  shielding  the  head  and  testes  reduces 
the  degree  of  inhibition  caused  by  200  r  of  x-ray*  Since  nrevious  studies  have 
shown  that  shielding  the  teetee  does  not  alter  the  inhibitory  action  of  200  r, 
theae  results  provide  evidence  that  radiation-induced  injury  to  the  head  may  be 
nartlally  responsible  for  the  inhibitory  action  of  x-ray  in  the  liver*  Ad¬ 
ditional  exoeriments,  however,  must  be  undertaken  to  more  accurately  determine 
the  Influence  of  shielding  and  irradiating  the  head  area  on  the  development  of 
drug  metabolizing  enzymes* 

The  Influence  of  23>  mgmo/kgm.  of  sodium  pentobarbital  on  the  develop¬ 
ment  of  'ihe  phospharothlbate-oxidiaing  enzymes  in  the  livers  of  young  male  rate* 
li  was  noted  in  this  and  previous  studies  (7,U,9)  that  this  activity  of  the 
microscne  enzymes  of  the  livers  of  partially  shielded  irradiated  rats  was  sub¬ 
stantially  elevated  for  approximately  10  to  12  days  following  x-ray*  It  was 
suggested  ( 9 )'  that  sodium  pentobarbital  used  to  anesthetize  the  animals  during 
the  shielding  experiments  may  be  causing  this  Initial  stimulation  in  activity 
since  Conney  et  al.  (2)  have  shown  that  relatively  small  doses  of  other  barbitu¬ 
rates  cause  marked  increases  in  the  activity  of  various  drug-metabolizing  enzymes 
which  are  located  in  the  micros otnes  of  the  liver.  To  determine  the  effect  of 
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barbiturates  on  th»  development  of  tb*  phoaphorothioato- oxidising  enzyme  in 
the  liver*  of  young  mile  rite  a  group  of  23-day  old  animal*  me  given  2 $ 
nph/kpu  of  sodium  pentobarbital  ten  nlmitaa  before  200  r  of  x*irradictiono 
Another  group  ccmiiiting  of  nen-irradiated  anlmala  vie  given  2 $  ngw./Vgn.  of 
pectoberbital.  The  anlmala  mere  eacrificed  at  various  interval*  during  the 
following  three  weeke  and  the  sioroeono  eoddase  activity  of  the  livers  via 
measured.  The  raaulta  of  these  measurements  are  shown  in  Figure  2  where  each 
point  on  the  curves  la  the  average  of  measurements  on  the  livers  of  at  least 
four  animal*. 

The  data  presented  in  Figure  2  illustrate  the  narked  stimulation  in 
enayme  activity  observed  si  one  day  after  injection  of  pentobarbital  in  both 
the  Irradiated  and  n on-irradiated  animals.  The  activity  tended  to  return 
toward  normal  after  five  to  six  days  and  no  significant  difference  was  found 
In  the  ensytae  activity  of  the  pentobarbital  treated  and  non-treated  animals 
given  200  r  of  x-ray  during  the  last  two  weeks  of  the  observation  periods  The 
results  of  this  study  indicate  that  the  early  stimulation  In  ensyae  activity 
observed  in  animals  anesthetized  for  shielding  studies  was  due  to  pentobarbital- 
induced  ensyme  synthesis o 

The  Influence  of  x-irradlation  on  phenobarbltal-lnduoed  stimulation  of 
the  phoepborothioate-oxidiglng'  enzyme  In  tne  liver  of  young  male  rata.  Cooney 
at  alo  (2)  have  recently  found  that  relatively  small  doses  of  phenobarbital 
cause  a  narked  Increase  in  the  activity  of  the  enzymes  responsible  for  the 
danethylatioo  of  3-methyl-h-mononethylaminoasobenzene  (3-methyl-MAB)  and  for 
the  metabolism  of  saxazolamine  and  other  ehemicals  in  the  livers  of  young  male 
rats.  Thus  a  study  was  undertaken  to  obtain  information  concerning  the  influ¬ 
ence  of  x-irradiation  on  the  barbiturate-induced  stimulation.  In  mloroscme  oxi¬ 
dase  activity.  The  results  of  studies  presented  above  indicated  that  pento¬ 
barbital  causes  a  marked  stimulation  in  the  activity  of  the  ndorosaoe  oxidase 
which  catalyzes  the  metabolism  of  phosphorothioateso  Preliminary  studies  showed 
that  daily  2  mgra./kgm.  doses  of  phenobarbital  cause  narked  stimulation  in  the 
development  of  enzyme  activity.  Groups  of  23-day  old  male  rats  were  given  200  r 
of  x-ray  and  2h  hours  later  daily  injections  of  Phenobarbital  (2  ragm./kgm„)  were 
begun.  Normal  and  drug-treated  urdrradiated  animals  served  as  the  controls. 
Animals  were  sacrificed  for  enzyme  measurements  at  28,  30,  and  32  days  of  age. 
Th*  results  of  these  measurements  are  shown  in  Figure  3  where  each  bar  repre¬ 
sents  the  average  and  range  obtained  from  the  number  of  animals  indicated  in 
parenthesis. 

The  data  in  Figure  3  indicate  that  phenobarbital  causes  approximately 
a  two-fold  increase  in  the  normal  rate  of  development  of  the  nhosphorothioate- 
oxidizing  enzyme  system  after  h,  6,  and  8  daily  2  mga./kgm,  injections.  The 
phenobarbital-induced  stimulation  in  enzyme  activity  was  less  marked  in  animals 
that  had  received  200  r  at  23  days  of  age;  however,  the  difference  was  not  sig¬ 
nificant  due  to  the  variability  of  the  responses. 

In  view  of  these  results  it  was  of  interest  to  determine  the  influence 
of  increased  levels  of  phenobarbital  end  higher  doses  of  x-irradiation  on  the 
development  of  the  drug-metabolizing  enzymes.  For  these  experiments  groups  of 
23-day  old  rat3  were  given  200  r  or  U00  r  of  x-irradiation  and  daily  injections 
of  $  m@a9/kgm0  of  phenobarbital  were  begun  2h  hours  later.  The  animals  were 
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Figure  2  a  The  influence  of  25  mgm./kgm.  of  sodiua  pentobarbital  on  the  derelopnent  of  the 
nhosohorothioate-cod-dizing  enzyaes  in  the  livers  of  young  male  rats° 
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Age  of  Animals  (Days) 


Figure  3.  The  Influence  of  200  r  of  x-irradiation  on  phaoo- 
barbital-induoed  stimulation  of  the  phosphor  othioate-ooddl  sing  ensyae 
in  the  livers  of  young  male  rats,  A,  control  activity!  B,  2  ngno/kg*, 
of  phenobarbital  per  day  starting  at  2h  days  of  agej  C,  200  r  at  23 
days  of  age,  2  ng«oAg».  of  phenobarbital  per  day  starting  at  2k  days 
of  age,  Numbers  in  parenthesis  represent  the  number  of  animals  in  each 
group. 
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sacrificed  Us  6$  end  8  days  later  and  tho  dru^-Eefcobolizing  en sytca  activity 
of  tho  livers  woo  msapurcd.  Tho  results  of  thcco  coosurcacnts  aro  preaented 
in  Figure  ii  where  each  bar  rcprce3ntn  the  average  and  range  obtained  for  'dm 
livors  of  each  group  of  animals .  The  number  of  animala  in  each  group  is 

given  in  parenthesis. 

The  data  presented  in  Figure  b  indicate  that  5  mgrao/kgB.  of  pheno- 
barbital  cause  a  two**  to  three-fold  increase  in  the  synthesis  of  enssyna  ac¬ 
tivity  after  i»p  68  and  8  daily  doses  of  5  mgw0/kgra0  of  phenobarbitalo  It  is 
apparent  that  200  r  of  x=irradiation  does  not  Inhibit  the  drug-induced  synthe¬ 
sis  of  ensyme  activityi  however,  the  enzyme  activity  of  the  animals  given  bOO  r 
of  x-ray  at  23  days  and  6  or  8  daily  injections  of  phenobarbital  was  sub¬ 
stantially  less  than  the  unirradiated  drug-treated  controls. 

The  influence  of  ^irradiation  on  phenobarbital-lnduced  stimulation 
of  the  phosphorothibate-oxldlzlng  enzyree  In  the  liver  of  the  rat.  Experiments 
were  undertaken  to  obtain  inf  araati^concerning  the  effect  of  daily  injections 
of  ohenobarbital  and  x-irradiation  on  the  synthesis  of  phospharothioate- 
oxidising  enzymes  in  the  livers  of  adult  female  rats.  For  these  studies  groups 
of  female  rats  \ror&  given  600  r  of  x-ray  and  injections  of  37.5  age./kg*®  of 
phenobarbital  were  given  twice  daily  (7f>  rag»./kg®°/day)  starting  2U  hours  later. 
Young  male  rats  (23  days  old)  were  given  U00  r  and  placed  on  the  same  injection 
schedule.  Four  days  later  the  animals  were  sacrificed  and  the  drug  metabolizing 
activity  of  the  livers  was  measured.  The  results  of  these  measurements  are 
shown  in  Figure  Each  bar  represents  the  average  of  U  to  8  animals  as  indi¬ 
cated  in  parenthesis  and  the  range  of  the  results. 

The  results  of  experiments  presented  in  Figure  5  show  that  daily  in¬ 
jections  of  75  mga./kgm.  of  phenobarbital  caused  approximately  a  twofold  in¬ 
crease  in  the  activity  of  the  liver  of  adult  females  and  a  four-fold  Increase 
in  the  enzyme  activity  of  young  male  rats.  The  livers  of  female  rats  given 
600  r  and  male  rats  given  UOO  r  of  x-ray  before  daily  injections  of  75  mgm./ 
kgm.  of  phenobarbital  exhibited  a  similar  degree  of  enzyme  induction  to  that 
observed  in  the  drug-treated,  unirradiated  animals.  Thus  the  results  of  these 
studies  indicate  that  admini strati on  of  phenobarbital  causes  marked  Increases 
in  the  synthesis  of  the  phosnhorothioate-oxidizlng  enzyme  system  in  adult  fe¬ 
male  and  young  male  rats,  that  this  increase  is  dose  dependent  in  young  male 
rats  (Figures  3»  and  5)  and  that  sublethal  doses  of  x-irradiation  do  not 

significantly  influence  the  decree  of  phenobarbital-induced  increases  in  ac¬ 
tivity. 


Discussion 


The  present  investigation  consisted  of  experiments  undertaken  to  ob¬ 
tain  additional  information  on  the  influence  of  ionizing  radiations  on  the 
normal  development  and  the  drug-induced  stimulation  of  an  enzyme  responsible 
for  the  oxidative  metabolism  of  certain  chemical  agents  by  the  livers  of  adult 
female  and  young  male  rats.  The  present  report  describes  f’irther  studies  on 
the  effect  of  partial  body  shielding  on  the  inhibitory  effect  of  x-ray  on  the 
development  of  micros ome  oxidases,  the  influence  of  sodium  pentobarbital,  used 
as  an  anesthetic  agent,  on  the  development  of  enzyme  activity  and  the  effect  of 
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Figure  he  Tha  influence  of  x-irradiation  on  phenobarbital-induced  stimu¬ 
lation  of  tha  phoaphorothioste-oadldizins  enzyme  in  the  liver*  of  young  male  rate. 
A,  control  activity!  B>  5  mgauAlpa*  of  phenobarbital  per  day  starting  at  2U  day* 
of  «a|  C,  200  r  at  23  days  of  age  and  $  ag*,Ag»»  of  phenobarbital  per  day 
starting  at  2h  days  of  age*  D,  1(00  r  at  23  days  of  age  and  5  nga.As*>>  of  pheno- 
barbital  par  day  starting  at  2h  days  of  age.  The  number  in  parenthesis  represent 
the  number  of  animals  in  each  group. 
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Figure  5°  'Hie  influence  of  x-irradiatlon  on  phenobarbital° 
induced  stimulation  of  the  phosphor  oth±oate«<n±diaing  enxyme  in  the 
livers  of  ratso  A,  control  activity!  8,  x-irradiated  animals,  adult 
females  (600  r),  young  males  (It 00  r)|  C,  75  mgm.Ag«»  of  phenobarbi- 
tal  per  day  for  h  daysj  D,  adult  females  (600  r),  young  males  (1*00  r) 
plus  75  mgm.Ag®*  of  phenobarbital  per  day  for  k  days,  K,  23-day  old 
control  activity o  The  numbers  in  parenthesis  represent  the  number  of 
animals  in  each  group 0 
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Ionizing  radiations  on  the  sodium  phenobarbital-induced  stimulation  in  de<= 
velopment  of  these  enzymes,,  The  results  of  studies  on  tho  influence  of 
partial  body  shielding  on  the  development  of  enzyme  activity  indicated  that 
shielding  the  head  and  testes  while  exposing  the  remainder  of  the  body  to 
x-irradiation  substantially  reduced  the  inhibitory  effect  of  200  r  on  the 
development  of  the  phospharothioate-ooddlzing  enzyme  in  the  livers  of  total- 
body  and  testes  shielded  irradiated  animalSo  The  mechanisms  responsible  for 
the  reduction  in  the  biological  effectiveness  of  radiation  caused  by  shielding 
the  head  area  are  not  readily  apparent,  However,  it  is  anticipated  that  studies 
currently  in  progress  will  supply  information  which  will  aid  in  ascertaining 
the  influence  of  radiation  to  the  head  area  on  the  development  of  aicrooonie 
enzyme  activity  in  the  livers,  of  young  male  ratse 

It  was  noted  in  recent  studies  (7,8,9,11)  that  radiation  appeared  to 
enhance  the  development  of  the  phosnhorothioate-oxldiaing  enzymes  in  the 
livers  of  partially  shielded  animals  for  approximately  10  to  12  days  follow¬ 
ing  x-ray  0  The  results  of  studies  by  Conney  et  ale  (2),  who  found  that  small 
doses  of  some  barbiturates  cause  marked  increases  In  the  activity  of  various 
drug-netabolising  enzymes  located  in  the  ndcrosctne  fraction  of  the  liver,  sug¬ 
gested  that  the  pentobarbital  used  to  anesthetize  these  animals  during  irradi¬ 
ation  caused  the  initial  stimulation  in  activity,.  Results  of  experiments  on 
the  influence  of  pentobarbital  on  enzyme  synthesis  indicated  that  the  early 
stimulation  in  drug  metabolizing  enzyme  activity  was  caused  by  the  anesthetic 
agent  o 


The  absence  of  radiation-induced  inhibition  of  the  stimulatory  effect 
of  phenobarbital  is  somewhat  surprising,.  Radiation  has  been  found  to  inhibit 
the  growth  rate  or  decrease  the  size  of  various  tissues  (i„e„,  spleen,  thymus 
glands,  testes,  and  other  rapidly  proliferating  tissues) „  Phenobarbital- 
induced  stimulation  in  enzyme  activity  of  the  liver  has  been  shown  to  coincide 
with  marked  increases  in  liver  weight  and  elevated  microsomal  and  total  liver 
protein  (2)„  Further  studies  are  currently  in  progress  to  determine  whether 
the  time  interval  between  radiation  and  initiation  of  barbiturate  injections 
has  any  influence  on  the  synthesis  of  enzyme  activity,, 


Summary 

lo  Additional  studies  were  undertaken  to  determine  the  racSioaensitivity  of 
the  phosphor othioate-oxidizing  enzyme  system  in  the  livers  of  young  male 
rats®  The  results  of  experiments  on  the  influence  of  partial  body  shield¬ 
ing  indicated  that  shielding  tho  head  and  testes  reduced  the  degree  of 
inhibition  caused  by  200  r  of  x-ray 0 

2o  The  injection  of  2$  mgra„/kg«0  of  sodium  pentobarbital  caused  a  marked 
stimulation  in  the  ndcroscwe  enzyme  activity  of  the  livers  of  normal  and 
irradiated  young  male  rats  at  2i*  hours  after  administration,.  The  enzyme 
activity  tended  to  return  toward  normal  in  both  groups  after  five  to  seven 
days®  It  is  evident  that  the  increase  in  enzyme  activity  observed  in  ir¬ 
radiated  animals,  which  had  been  anesthetized  with  pentobarbital  during 
x=ray  exposure,  was  due  to  barbiturate-induced  enzyme  stimulation o 
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3o  Measurements  of  the  influence  of  x<=irradiation  on  phenobarbital"dndueed 
increases  in  phosphor  othloate*=Q3d.dase  activity  showed  that  200  r  does 
not  significantly  affect  the  increase  in  enzyme  activity  caused  by  daily 
doses  of  2  mgnjs/kgm0  of  the  barbiturate 0  Results  of  experiments  on  the 
influence  of  200  r  or  UOQ  r  of  x**irradiation  on  the  increase  in  enzyme 
activity  caused  by  5  mgiu®/kgm®  of  phenobarbital  indicated  that  200  r  did 
not  influence  barbiturate=induced  stimulation  in  activity  but  that  ItOO  r 
reduced  the  degree  of  enzyme  increase  that  was  observed  after  six  or 
eight  daily  injections?, 

ho  Injections  of  75  mgM®/kgM®/day  of  e odium  phenobarbital  caused  a  two=fold 
and  a  f our=f cld  increase  in  the  enzyme  activity  of  adult  female  and  young 
male  rate  respectively?.,  Administration  of  600  r  to  adult  fema3.ee  and  lv00  r 
to  young  male  rats  one  day  before  injection  of  phenobarbital  were  begun 
did  not  reduce  the  stimulatory  effect  of  this  drug0 
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THE  EFFECTS  OF  IONIZING  RADIATION  ON  THE  BIOCHEMISTRY 
OF  MAMMALIAN  TISSUES 

Ille  Further  Studies  on  the  Influence  of  X-Xrradlatlon  on  the 
Reductase  Ac-tivlty~oF  the  livers  of  Rata 

Kenneth  Pn  DuBois  and  Bernard  E»  Hletbrink 


Thin  report;  concerns:  Extension  of  our  previous  studies  on  the 
influence  of  radiation  on  tKo  development  of  the  enzyme  system  in  the  liver 
that  catalyzes  reductive  changes  in  certain  types  of  chemical  agents , 

Immediate  or  ultimate  application  of  the  results;  Progress  in 
elucidating  biochemical  effects  of  radiation  requires  th'o  systematic  in¬ 
vestigation  of  the  reactions  involved  in  various  phases  of  intermediary 
metabolism,.  As  knowledge  of  previously  unknown  metabolic  reactions  pre^ 
greases  to  the  stage  of  quantitative  measurement  of  the  reactions;,  it  in 
considered  an  important  part  of  the  present  program  to  ascertain  their 
susceptibility  to  ionizing  radiations,  ThU3,  since  the  pathway  responsible 
for  the  oxidative  metabolism  of  foreign  chemicals  is  understood  to  a  corv- 
siderable  extent  at  the  present  time,  it  was  of  interest  to  ascertain  whether 
radiation  affects  the  activity  of  this  system.  Previous  studies  in  this 
laboratory  demonstrated  that  the  oxidative  microsomal  enzyme  system  is  un¬ 
affected  by  radiation  In  adult  animals  but  development  of  the  enzyme  system 
1b  severely  inhibited  in  young  animals.  To  determine  whether  this  effect 
occurs  generally  with  respect  to  microsome  enzymes,  a  study  of  reductases 
was  undertaken  as  a  step  in  attempts  to  locate  the  exact  site  of  action  of 
radiation.  The  results  of  our  recent  previous  experiments  and  those  da- 
scribed  in  this  report  indicate  a  selective  action  by  x-irradiation  on  the 
development  of  oxidative  microsomal  enzyme  systems.  Thus  it  is  possible  to 
foous  attention  on  this  phase  of  intermediary  metabolism.  Elucidation  of 
the  exact  mechanism  responsible  for  the  inhibitory  effect  of  radiation  on 
the  development  of  microsomal  enzymes  would  contribute  basic  information  on 
a  radiation-induced  biochemical  defect  which  has  not  been  observed  previous" 
ly. 


#•&**«■*** 

Previous  studies  in  this  laboratory  (1-5)  demonstrated  that  the  de¬ 
velopment  of  enzymes  which  catalyze  tho  oxidative  metabolism  of  foreign  chemi¬ 
cals  in  the  liver  is  markedly  inhibited  by  sublethal  dose3  of  ionizing  radi¬ 
ations,  In  the  initial  attempts  to  obtain  some  information  on  the  sneclficlty 
of  the  effect  of  radiation  on  microsome  enzymes,  studies  were  undertaken  (6) 
to  ascertain  whether  development  of  the  enzyme  system  that  catalyzes  reductive 
changes  in  chemical  agents  is  similarly  inhibited  by  radiation.  The  reductase 
system  utilizes  reduced  triphosnhopyridine  nucleotide  and  is  present  largely 
in  the  microsome  fraction  of  the  liver  (?),  A  quantitative  assay  procedure 
was  developed  and  applied  to  the  livers  of  normal  and  irradiated  rats  (6), 
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Measurements  of  the  reductase  activity  of  the  livers  of  young  rats 
indicated  that  the  activity  is  below  the  adult  level  at  22  days  of  age  but 
it  increases  to  the  adult  level  much  more  rapidly  than  the  oxidative  micro¬ 
somal  enzymes  (6)®  Exposure  of  23=>day  old  rats  to  k 00  r  did  not  inhibit  the 
rate  of  development  of  the  snaymo  activity ®  Thus  evidence  was  obtained  that 
radiation  has  some  selectivity  in  its  inhibitory  effect  on  the  development  of 
liver  mlcrosome  enzymes o 

The  apparent  absence  of  an  effect  by  radiation  on  the  reductase  system 
indicated  that  reactions  which  generate  the  reduced  triphosphopyridine  nuclei 
tide  required  for  both  microsame  oxidase  and  reductase  activity  are  not  af¬ 
fected  by  radiation®  Direct  evidence  in  support  of  this  conclusion  was  ob¬ 
tained  by  measuring  the  influence  of  radiation  on  dehydrogenases  which  gener¬ 
ate  reduced  pyridine  nucleotides  (8s9)o 

Since  the  reductase  activity  of  the  livers  of  weanling  rats  reached 
the  adult  level  rapidly.,  it  seemed  desirable  to  perform  acme  experiments  oa 
hepatsctomized  rat 8®  This  was  done  with  the  idea  in  mind  that  the  reductase 
activity  might  be  low  immediately  after  hepatectomy  and  increase  at  a  slow 
rate  during  regeneration  of  the  liver  as  it  does  in  tho  case  of  mlcrosome 
oxidase  activity®  However.,  whan  rata  were  exposed  to  200  r-  of  x-ray  at  18 
hours  following  partial  hsoateetomy  no  effect  by  radiation  was  noted  on  the 
reductase  activity  of  tho  livers  at  days  and  at  later  intervals  after 

radiation  thus  indicating  that  the  reductase  activity  ia  resistant  to  radi¬ 
ation  ® 


The  present  study  has  consisted  of  further  experiments  cn  the  influ¬ 
ence  of  x-irradiation  on  the  reductase  acti.vity  of  the  livers  of  young  male 
rata  and  partially  hepatecton&zed  adult  rats®  Hie  young  animals  used  for 
those  experiments  included  son©  that  were  less  than  22  days  of  age  in  order 
to  obtain  more  definitive  information  on  the  influence  of  radiation  given  at 
a  time  when  tha  enzyme  activity  was  low®  Similarly  by  irradiation  of  animals 
and  performance  of  reductase  assays  shortly  after  partial  hepatectomy  it  wa3 
hoped  that  further  information  could  be  obtained  on  the  effects  of  radiation 
on  the  development  of  the  enzyme  activity®  The  results  of  those  studies  pro¬ 
vided  additional  information  indicating  that  tho  development  of  reductase  ac¬ 
tivity  is  not  affected  by  x-irradiaticn  at  dosage  levels  that  produce  nearly 
complete  inhibition  of  oxidative  microsome  enzymes® 

Materials  and  Methods®  Young  and  adult  male  Sprague-Dawley  rata  were 
used  fcr~tJIese  experiments®  The  animals  wore  kept  in  air-conditioned  rooms 
and  maintained  at  68°  to  7?  F®  and  were  fed  Rockland  Rat  Diet  and  water  ad 
libitum® 


X-irradiation  was  administered  as  single  whole  body  exposures  with  a 
G®  Eo  Maxim  ar  Therapy  Unite  The  radiation  factors  were  250  fCVPj,  15  raa® »  0®25 
mm3  Gu  and  1  rasa®  A1  added  filtration®  The  target-animal  distance  was  75  era® 
and  the  done  rate  was  3h  r  to  36  r  per  minute® 

Reductase  activity  was  measured  by  the  method  developed  previously 
in  this  laboratory  (6) .. 
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Results 


Rate  of  development  of  reductase  activity  In  the  livers  of  immature 
rats.  In  our  previous  studies  on  the  reductase'  activity  of  the  liver's  of' 
young  rats,  animals  ranging  from  22  to  U2  days  of  age  were  used.  However, 
by  22  days  the  reductase  activity  reached  about  1%  of  the  adult  level.  Al¬ 
though  the  results  previously  obtained  on  irradiated  animals  (6)  indicated 
that  radiation  does  not  inhibit  the  development  of  this  enayme,  it  seemed 
desirable  to  conduct  some  further  experiments  using  rats  that  were  less  than 
23  days  old.  Prior  to  the  radiation  experiments  assays  were  conducted  on 
normal  rats  at  various  ages  beginning  at  Ih  days  of  age0  The  results  of 
those  measurements  are  summarised  in  Table  1  in  which  the  average  and  range 
of  values  far  groups  of  four  rats  are  presented. 


TABUS  1 

Rate  of  Development  of  Reductase  Activity  in  the 
Livers  of  Young  Halo  Rats 


Reductase  Activity 

(ugm0  of  p-Aminobenzoio  Acia/lOO  mg m  of  Liver /hr 0) 


Ago  (Days) 

Free 

|  Total 

Average 

Range 

Average 

Range 

Hi 

3«8 

(3o3~ltoO) 

11.7 

(11.2-12.5) 

17 

5.5 

(5»2«5o9) 

lU.6 

(Uiol-I5o0) 

22 

Uo9 

(i*.2=5o5) 

23  ol 

(22.8»2liol) 

26 

9.6 

(6.5-12.3) 

32oli 

(31. 2=33 .7) 

35 

11.5 

(li.1-12.0) 

35.1 

(33o2~36.5) 

U2 

. . .  ■ 

8.9 

(8o9°9o3) 

30.5 

( 29.0-32 oO) 

Reductase  assays  conducted  on  the  livers  of  lii<=day  old  rats  demons 
strated  that  the  enzyme  activity  is  about  l/3  of  the  normal  adult  level  at 
that  age.  The  activity  increased  to  about  3/h  of  the  edult  level  by  22  days 
of  age  and  to  the  adult  level  by  26  days  of  age. 

Influence  of  x-irradiation  on  the  development  of  reductase  activity 
in  the  livers  of  immature  rats.  The  lcur  enayroe  activity  in  the  livers  of 
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animals  at  less  than  20  days  of  age  made  it  possible  to  obtain  mors  defini¬ 
tive  information  concerning  the  effect  of  radiation  on  the  development  of 
this  enzyme  than  could  be  obtained  on  weanling  ratso  To  ascertain  the  ef¬ 
fect  of  radiation  on  the  development  of  reductase  activity  in  tfa©  livers  of 
immature  ratsg  hCO  r  of  x-ray  was  administered  to  groups  of  four  animals  and 
they  were  sacrificed  at  various  times  after  x=ra y  exposure,  By  comparison 
of  the  level  of  enzyme  activity  in  the  livers  of  irradiated  aniiuals  and  in 
normal  rats  of  the  same  age  it  was  possible  to  determine  whether  radiation 
had  any  appreciable  influence  on  development  of  this  system 0  The  results  of 
these  measurements  are  summarized  in  Table  2* 


TABLE  2 

Influence  of  ijOO  r  of  X=ra y  on  the  Development  of 
Reductase  Activity  in  the  Livers  of 
Young j  Male  Rata 


Ago  at 
Time 
of  X-ray 
(Days) 


Age  at 
Time  of 
Sacrifice 
(Days) 


I  Tires  of 
Sacrifice 
After  X=ray 
(Days) 


Reductase  Activity 

(jtigHo  of  p-Aainobansoic  Aoid/lOO  regm, 
of  Tisano/Hom*) 


Free 


Total 


Ik 

18 

Vi 

22 

23 

26 

23 

3$ 

23 

hk 

I  Average 

— . . —  j 

Range 

Average 

j 

Range 

h 

7o0 

|  ($,9=7 o9) 

18,8 

Cl80Ji~19o8) 

8 

2o9 

(2o5=3o7) 

23,2 

(21,8-21*0$) 

3 

11,0 

(8,9=13,6) 

1  31,0 

(27o2°3$oU) 

12 

10,8 

(lOcl-lloli) 

30o  8 

|  (28,6-32 Si 

21 

11,3 

(11,0-11,7) 

32,0 

j  (30,3-3itol») 

! _ 

When  lli=>day  old  rats  -were  irradiated  and  assays  were  conducted  four 
days  later,  there  was  no  inhibition  of  the  development  of  the  ensyrae  activity 
and  the  level  of  enzyme  activity  was  in  fact  somewhat  higher  than  in  uairradi- 
ated  rata  of  the  same  age,  Animals  irradiated  at  1 h  day a  of  age  and  sacri¬ 
ficed  at  22  days  of  age  had  exactly  the  same  average  reductase  activity  as 
unirradiated  22-day  old  rats.  The  results  of  these  measurements  clearly 
demonstrated  the  absence  of  an  effect  by  radiation  on  the  normal  development 
of  reductase  activity  in  the  livers  of  young  rats. 

Influence  of  x-lrradiation  on  the  reductase  activity  of  regenerating 
rat  liver o  In  a"  previous  stiidy  (10)  we  carried  out  scraa  measurements  of  tbo 
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reductase  activity  of  the  livers  of  partially  hepatectomised  normal  and  ir- 
radiated  rats0  Although  the  previous  study  was  incomplete,  it  suggested 
that  the  reductase  activity  returns  to  normal  rapidly  after  partial  hepatecto- 
my,  At  the  time  intervals  after  irradiation  and  hepatectomy  for  which  com¬ 
parable  data  were  obtained  there  was  no  difference  in  the  reductase  activity 
of  the  livers  of  the  two  groups ,  In  the  present  investigation  additional 
experiments  were  conducted  since  the  need  for  data  obtained  at  short  intervals 
after  irradiation  was  apparent  from  the  previous  experiments 0  A  aeries  of 
adult,  male  rats  wasp  therefore,  hepateetomisedo  Some  of  the  animals  were 
exposed  to  200  r  and  others  ware  used  as  controlso  Reductase  assays  were 
performed  on  the  livers  of  groups  each  containing  four  animals  at  various 
times  following  radiation  and  partial  hepatectomyo  The  results  of  these 
measurements  are  summarized  in  Table  3° 


TABLE  3 

Effect  of  X-Irradiation  on  the  Reductase  Activity  of  the  livers 
of  Partially  Henatectomized  Rats 


Days  After 
Hepatectctay 

Dose  of 
X-ray 

Days  After 
X-ray 

Reductase  Activity 

(jigm,  of  p-Aminobenzoic  Acid/lOO  mgm, 
of  Tisaue/Hour 

Free 

Total 

Average 

Range 

Average 

Range 

1 

0 

•  0090 

(10,6-11,1) 

26,5 

(2h,8-28,7) 

3 

0 

oooco 

MM 

(3s8-U,9) 

33  o3 

(32,2-35,2) 

7 

0 

0(000 

31o8 

(11,0-12,6) 

38,1 

(37,U-39,3) 

9 

0 

000(0 

10o6 

(10,2-10,8) 

32,9 

(30,7-3l4®3) 

12 

0 

0  0  0  0  0 

8o9 

(8,8-9o0) 

29  o? 

(28.7-31-7) 

3 

200  r 

2=lA 

13  si 

(ll,8-lli,l) 

30,7 

(27,3-32 ,9) 

7 

200  r 

6 

Hl-1 

(ll,5=Uio8) 

3U,0 

(30,U-37,6) 

10 

200  r 

9 

7,3 

(6, 6-7, 6) 

31®  8 

(28,9-35,0) 

The  data  obtained  on  unirradiated  rats  after  partial  heoatectomy  demon¬ 
strated  that  tho  reductase  activity  approaches  the  normal  adult  level  at  2h  houro 
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after  irradiation  and  at  three  days  after  hepateetomy  the  enzyme  activity 
had  completely  reached  the  adult  level*  When  partially  hepateetcsaized 
animals  were  exposed  to  200  r  at  18  hours  after  hepateotoray9  there  was  no 
inhibition  of  the  enzyme  activity*  However 9  in  view  of  the  rapid  rate  of 
return  of  the  enzyme  activity  in  the  normal  hepateetomized  animals 3  the  use 
of  young  animals  was  superior  for  studying  the  effects  of  radiation  on  the 
development  of  thl3  enzyme  system^. 


Discussion 

The  present  study  was  carried  out  to  extend  our  previous  experiments 
on  the  effects  of  x- irradiation  on  the  development  of  reductase  activity  in 
the  'livers  of  rata*  Since  the  activity  of  this  enzyme  reaches  the  adult 
level  at  a  younger  age  than  do  tha  microscas  oxidases  (11) g  the  use  of  rata 
younger  than  23  days  of  age  was  necessary*  By  the  use  of  XU“day  old  rat3 
it  was  possible  to  demonstrate  rather  conclusively  that  radiation  dees  not 
affect  development  of  this  micro  soma  enzyme  system*  On  the  other  handP  par<= 
tlally  hepatectoralsed  rats  were  not  suitable  for  measuring  the  influence  of 
^irradiation  on  development  of  reductase  activity  because  the  activity  was 
almost  at  the  normal  adult  level  at  one  day  after  partial  hepateetomy* 

The  results  of  cur  studies  on  the  influence  of  radiation  on  the  de=^ 
velopment  of  reductase  activity  demonstrated  that  the  development  of  this 
Bdcroaome  enzyme  system  is  not  susceptible  to  inhibition  by  ionizing  radi=> 
ail one*  It  thus  appears  that  the  inhibition  of  a  micrososa  oxidase  as  6b« 
served  In  other  studies  in  this  laboratory  (1--5)  is  due  to  a  specific  effect 
by  radiation  on  some  otep  in  the  reaction  between  reduced  triphosphopyridino 
nucleotide  and  the  ojddizable  substrate*  The  absence  of  effects  on  the  re~ 
ductase  system  will  serve  as  an  aid  in  further  research  aimed  at  elucidating 
the  mechanism  of  the  radiation-induced  defect  in  microscme  oxidases* 


Summary 

10  Tha  reductase  activity  of  the  livers  of  normal,  immature,  male  rate 
ranging  in  age  from  lit  to  U2  days  was  measured „  The  results  of  these 
assays  demonstrated  that  the  enzyme  activity  wa3  about  l/3  of  the  adult 
level  at  lit  days  of  age  and  it  reached  the  adult  level  by  26  days  of 
age* 

20  Exposure  of  lit=day  old  rats  to  itOO  r  of  x~ray  did  not  inhibit  the  rate 
of  increase  of  the  liver  reductase  activity  to  the  normal  adult  level. 

3o  The  reductase  activity  of  regenerating  liver  was  found  to  be  near  the 
normal  level  at  one  day  after  partial  hepateetomy*  The  absence  of  an 
apnreciable  decrease  in  the  enzyme  activity  of  the  liver  makes  the 
henatectomized  rat  unsuitable  for  studying  the  influence  of  radiation 
on  the  development  of  this  enzyme* 
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PHARMACQIOGICAL  AND  TOXICOLOGICAL  COMPOUNDS  AS  ffiOTSC  PIVE  OR  THERAIEUTIC 
AGENTS  AGAINST  RADIATION  INJURE  IN  EXPERIMENTAL  ANIMALS 

la  The  Influence  of  Various  Chog&eal  Compounds  on  Radiation  Lethality 
"  *  ””  in  Mice 


V,  Plzaks  Mo  Root  and  J,  Derail 


This  report  concerns  a  The  survival  time  and  mortality  of  male  CF-» 
mice  treated"  with  various  chsn&cal  compounds  immediately  prior  to  the  adminls“> 
tration  of  a  lethal  dose  of  whole»body  x-irradiation. 

Immediate  or  ultimate  aonlication  of  the  results*  To  find  cheraioal 
compounds" capable  of  reducing  or  woventlng'  rnartality  In  x-lrradiated  animals 
and  to  elucidate  some  of  the  structure-activity  relationships  within  groups 
of  related  chemical  protective  agentso  Although  none  of  the  currently  avail*- 
ble  radioprotective  agents  provide  a  practical  solution  to  the  problem  of  pre- 
venting  acute  radiation  injury  because  of  their  toxicity  or  relative  ineffective 
ness9  the  study  of  these  compounds  and  related  derivatives  provides  the  most 
logical  approach  to  finding  ccKtpounda  with  an  improved  therapaxrfclc  index  &  A 
better  understanding  of  the  precise  structural  configuration^)  responsible 
for  maximal  protective  activity  with  minimal  toxicity  would  also  bo  of  ccc- 
siderable  value  in  furthering  cur  knowledge  of  the  basic  mechanisms  of  radi¬ 
ation  damage  in  biological  systems o 

■ft*###### 

During  the  past  three  months  36  additional  chemical  compounds  were 
evaluated  for  protective  activity  against  the  lethal  effects  of  whole*bcdy 
x-irradiaticn  in  mice0  Since  cur  current  studies  on  the  mechanism  of  action 
of  PAPP  and  acetyl-PAPP  seem  to  implicate  a  cuinoid  structure  as  the  active 
metabolite  responsible  for  the  protective  effect  of  these  phenomes  (l)y  it 
was  of  interest  to  test  benzoquinone  and  hydrequinone  for  radioprotective  ac¬ 
tivity  as  well  as  a  number  of  quinoline  oxide  derivatives.  The  present  report 
also  includes  results  obtained  with  several  monomethyl  and  dimethyl  araonatess 
three  related  pyrazoli dines 3  a  thiocyclohexane,  a  number  of  triazoles*  and  a 
few  compounds  which  are  derivatives  of  previously  tested  radioprotective  cam- 
pounds. 


Materials  and  Methods,  Adult3  male  CF-i  Career th  Farms  alee  wore  oj»-= 
ployed  f  ar"  these "  studies.)  ¥Ke  compounds  ware  dissolved  either  in  water  or  in 
propylene  glycol  and  were  administered  intraperltoneally  with  tbs  concentration 
adjusted  so  that  the  animals  received  no  more  than  1%  of  their  body  weight  with 
each  injection.  Preliminary  toxicity  studies  were  carried  out  with  each  com¬ 
pound  to  determine  the  maximum  amount  of  each  derivative  which  could  bo  adminis¬ 
tered  to  the  mice  without  causing  mortality  due  to  the  chemical  toxicity. 

At  least  two  dosage  levels  of  each  derivative  were  employed  for  ths 
radiatl on  studies  and  a  minimum  of  ten  mice  were  tested  at  each  dosago  level. 
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The  compounds  were  administered  15  minutes  prior  to  the  x-ray  exposure  which 
consisted  of  700  r  of  whole-body  x-lrradi&tion  given  as  a  single  exposure 0 
The  radiation  factors  were  2$0  K VP,  15  ma0,  target-akin  distance  75  cm*, added 
filtration  Co 25  m»0  copper  plus  ls0  mm0  aluminum]  and  the  dose  rate  was  iiO  r 
per  minute  as  determined  by  means  of  a  100  r  Victoreen  Ionization  chamber  in 
ai.ro  Control  animals  were  given  comparable  amounts  of  the  vehicle  and  irradl- 
ated  simultaneously  with  the  treated  animals  o  The  mortality  in  the  control 
and  treated  mice  was  followed  daily  fop  30  days  after  the  x-ray  exposure  or 
until  all  of  the  animals  were  deads  A  detailed  description  of  the  irradiation 
procedure 9  housing  and  handling  has  been  included  in  previous  reports  (2)0 

The  USA?  code  letter  designation  and  the  source  of  the  compounds  in- 
eluded  In  this  study  are  listed  in  Table  lo 


TABLE  1 

Source  and  USA?  Cods  Number  of  Compounds  Included 
in  This  Report 


r 


USA? 

Designation 


Source  of  Compound 


KK 

AN 

Wt 

A 

QE 

HL 

SZ 

sr 


Eastman  Kodak  Company,  Rochester,  New  fork 
Dr0  R»  Me  Moyerman,  Ansul  Chemical  Company,  Marinette,  Wiso0 
Dr0  D0  To  Witiak,  University  of  Iowa,  Iowa  City,  Iowa 
Dr0  Ho  Schock,  Abbott  Laboratories,  North  Chicago,  Illinois 
Dr0  Mo  Weiner,  Qeigy  Chemical  Corpo,  Ardsley,  New  York 
Dr0  Ro  Bagdon,  Hoffman  LaRoohe,  Inc0,  Nutley,  New  Jersey 
Dro  Lo  Bo  Achor,  Sandoz  Pharmaceuticals,  Hanover,  New  Jersey 
Dr0  No  Wo  Standi8h,  The  Standard  Oil  Company,  Cleveland,  Ohio 


Results 

Preliminary  toxicity  studies  0  In  order  to  determine  the  maximum  safe 
dose  for  use  in  the  radiation  studies,  it  was  necessary  to  obtain  an  approxi¬ 
mate  ID^q  for  the  various  compounds «  Accordingly,  small  groups  of  mice  were 
injected lntraperitoneally  with  increasing  dosage  levels  of  each  compound,  and 
the  resulting  mortality  was  recorded  for  a  peridd  of  one  weeko  The  results  of 
these  toodLoity  tests  are  shown  in  Table  20 

Evaluation  of  compounds  for  radioprotective  activity 0  Since  the  x-ray 
dose  U383"75r"TESi3s  studies  usually  produces  100£  mortality  within  a  period  of 
lit  days,  a  compound  is  considered  to  exhibit  significant  radioprotective  activity 
if  it  increases  the  STgg  by  over  five  days  or  if  it  permits  any  of  the  treated 
animals  to  survive  for  30  days  after  the  x-ray  exposure «  The  results  of  the 
radiation  studies  may  be  seen  in  Table  2,  Included  are  the  name,  number,  and 
structural  formula  of  each  of  the  compounds,  th8  vehicle  used  for  both  the  tax- 
ioity  studies  and  the  radioprotective  studies,  the  increase  or  decrease  (in  days) 


32 


TABLE  2 


Acute  IntraperitoneuX  Toxicity  and  Radioprotective  Activity 
of  Various  Chemical  Compounds  in  Hide  CF^  Mice 


Naas  and  Formula  of 

Compound g  USAF  Ho<,  and  Vehicle 
Used  fee*  Toxicity  and 
Radiation  Tests 

Toxicity 

Radiation  Studies 

Appi'oxo 

LDgO  in 

5figmo/kg»o 

Dose 

in: 

KgUoAg®"- 

Change  in 
STgo  in 
Days 

Mortality 
at  30  Days 
After  X-ray 

p-Benaoquinona 

EK“B»220  (H20) 

Oss^""“ 

5-io 

10 

5 

co  || 

0 

10/10 

10A0 

Hydroquinone 

EK-3S6  (HgO) 

H°^H 

. 

! 

100-200 

100 

50 

“  3 

0 

8Ao 

10A0 

©“Phenylonodlamina  dihydro-- 
chloride 

EX-678  (HgO) 

^HVZHCl 

200-300 

200 

100 

°  3 
°  l 

It 

33 

TABItE  2«=Continued 


3k 

Table  2»“Continuad 


Kama  and  Formula  a? 
Ccsnpoiaidj)  BSAF  No0  and  Vehicle 
Head  fear  Toxicity  and 
Radiation  Teats 

I 

Toxicity 

Radiation  Studies 

Appraxo 
LDjn  in 

mgmo/kgmo 

Sosa 

in 

Bgm^/kgmo 

Change  in 
STcJq  in 
Days 

Mortality 
at  30  Days 
After'  X-ray 

p-Dimthosqpbensanc 

m~9  (bo) 
jsh3 

OCHtt 

300-500 

300 

100 

10A0 

8/10 

Di  sodium  E3fehanom;anata°6l^O 

.AN “10  (EjO) 

8  ,<*a 

ILGAb  -  °6%0 

3  ^0N& 

>1000 

1000 

5oo 

C3 

-  2 

10A0 

8A0 

Galcium  ssothanarrsonato 

AN-11  (HgO) 

H  ,0  + 

CHoAs^  *Ca 

3  \0/ 

goo 

300 

100 

. .  rTn"  "  1 

“  3 
+  1 

10A0 

10A0 

Magnesium  c&eedylats 

AN-12  (H20) 

r  0  1 

K  h 

|  ^*Ac-0  -Mg 

L.  Ji  2 

500-1000 

5oo 

200 

_ 

—  U 

-  3 

10A0 

10A0 

3$ 
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in 
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Magnesium  methanear sonata 

AN-13  (HgO) 

0  n 

JS 

CH3AS^  pig  °3R2Q 

>1000 

"  ■ 

looo  ! 
3oo  i 

. 

| 

0 

**»  X 

M  M 

o  o 

Scdluia  cacodylata 

AN-lU  (HgO) 

0 

g«3.-  II 

^  Ae-CNa 

ch3^ 

>1000 

’*9 
o  o 

o  o 

_ 

*=  5 

°>  Ij. 

o  o 
<< 
ss 

Dipotas3ium  methanearsonate 

AN-15  (H20) 

?  j,QX 

CH,AlT 

500=1000 

3oo 

200 

! 

»  h  10/10 

-  1  10/10 

\ 

1 

* 

Monoanmoniura  Kathanesrsonate 

AN-16  (HgO) 

9  .ONHj, 

3  %  OH 

t  loco 

1000 

5co 

®  3 
-  3 

i 

i 

1  10A0 

10A0 

i 

Monothioruccinimido 

WI-1  (FQ) 

■f  \ 

Or’  js.Q 

N 

H 

100-200 

100 

50 

+  3 
•>10 

l 

6/10 

6/10 
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iDgq,  in 
mgm9Aga« 

m 

Change  in 

STgo  in 

Days 

Mortality 
at  30  Days 
After  X-ray 

l“Methyl=*p»ami.noethylthioaao"> 

cyclohexane 

A~2$318  (RjO) 

CH3-  SCHgCHgTJHg  “  BEL 

- 

200-300 

o  o 
o  o 

-  h 

0 

ioAo 

10A0 

l92®Blphenyl»U(2  * -phonylaulf in- 
ethyl)-3,5"pyz*a2olidinedloQe 
(Anturane) 

OB-13  (PO) 

0 

— A.  y  0 

\\  A-N—-C. 

\L£/  CHCHgCHg^'S 

\L&  g  ^ 

100=200 

100 

5o 

0 

*>  2 

8Ao 

?Ao 

3  >5-Dioxo-l«phenyl®2»p=’hydr  ocxy- 
phenyl4i»n-butyl  pyraaolidene 
(Tandearil) 

GE-lU  (PO) 

K  0 

1  H 

CHjCSIgCHgCHg-C-C 

0»C  7  °&»0 

t) 

m 

100-200 

100 

5o 

°  2 

0 

II 

None  and  formula  ctf 
Compound,  USAF  No0  and  Vehicle 
Used  feet*  Toocicity  and 
Radiation  Testa 


3  ,3-Diooto-lf2-diphenyl=U«n-butyl- 
pyrazolidene  (Butazolidene) 


GE-15  (PO) 


H  0 


CH3CH2C^!CH2«C' 


C«  / 
X!T 


GB-16  (291*36)  (PG) 


GE-17  (37665)  (PG) 

GE-18  (37367)  (PG) 

GE~19  (29132)  (PG) 

0E-20  (3761*0)  (HI) 

GE-21  (376U1)  (PG) 


GE-22  (HE-7l4i)  (PG) 
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3  2»“Contiti!ued 


Toxicity 


Radiation  Studies 


Approxo  Doss  Change  in  I  Mortality 

LDcjq  in  in  SIVq  in  j  at  3G  Day* 

mgm?/Kgn0  jngro0/kgm.  Days  J  After  X-ray 


10/10 

9/10 
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GE-23  (HE-101)  (FG) 

K  1 

300 

100 

-  2 
>+18 

9/1° 

h/10 

QE-2U  (HE»7U8)  (PO) 

300=500 

300 

100 

0 

“  1 

e  h 

O  O 

>> 

O  O 

GE-25  (HE-7U9)  (FG) 

300=500 

300 

100 

-  3 

+  3 

10/10 

8/10 

GE-26  (HE»7$0)  (PG) 

200=300 

200 

10O 

B 

10/10 

7/10 

HL-kL  (2-53*Jl)  (FG) 

100=200 

100 

50 

0 
-  2 

0  0 
<< 
33 

IIL-UO  (2-7561)  (PG) 

200=300 

200 

100 

-  6 

-  1 

10/10 

10/10 

SZ-5  (PG) 

100=200 

100 

50 

«  3 

W  1| 

10/10 

10/10 

ST-15  (2092-2)  (PG) 

50=100 

50 

25 

B 

9/10 

9/10 

ST-16  (20925)  (PG) 

200-300 

200 

100 

+13 
+  3 

5/io 

6/10 
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In  the  ST^o  of  the  treated  Hie©  In  comparison  with  that  of  the  simultaneously 
irradiated  controls  and  the  mortality  at  30  days  after  the  x«2*ay  ©srposure* 

Beasoquinone  and  hydroquincns  represent  respectively  the  oxidised  end 
reduced  ferae  of  the  same  compound,  and  since  it  sees®  likely  from  our  current 
studies  with  FAPP  and  aeetyl-PiiFP  that  a  quinoid  structure  rosy  ba  ths  interred!** 
ate  metabolite  resnonsibls  fer  the  formation  of  mstbemoglobin  after  th®  sdminls=> 
tratioa  ef  thea®  compounds,  it  was  of  interest  to  test  bensequinen®  and  hydro** 
quinone  to  saa  whether  tksy  exhibited  any  radiGproteeilva  activity*  Ths  latter 
compound  (EK=-3!>6),  whan  administered  at  a  dose  of  100  iagm*/kgm,,  ponaittod  20$ 
of  the  ffiioe  to  survive  the  30-^day  postirradiation  period 0  Decreasing  the  dose 
to  50  iagni9/45:gmo  eliminated  th®  protective  effect*  Figure  1  chow®  this  effect 
of  hydrequinone  on  the  mortality  of  mice*  In  the  same  figure  is  shown  tho  pro® 
teotion  resulting  from  the  use  of  2-8minoathanQthiolsulfuric  acid  (EK~8!fL3) 
prior  to  a  lethal  x=ray  exposure*  At  a  dOB®  of  300  mgmo/kgm*  30$  of  tho  mice 
survived  for  30  days,  while  at  a  dose  of  100  mgmo/kga*  10$  of  the  rale®  wore 
protected  for  the  same  period  of  time*  The  SToq  in  both  instances  was  in=» 
creased  by  three  days0  Two  raathoxyphenoL  derivatives  were  also  studied* 

When  p=siBthc&cyphan ol  (AN-?)  was  administered  at  a  dose  of  200  mgra*/kg2n*«  it 
afforded  only  minimal  protection  (10/5  of  the  mice  surviving  for  30  days/® 
while  p=>methoxy  bensena  (AN»9)  at  a  dose  of  100  mgm*/kgra„  protected  20$  of 
th®  mice  for  tho  same  period  of  -alma*  These  results  may  be  seen  in  Figure  20 
Several  aliphatic  compounds ,  moaomsthyl  cad  dimethyl  arsenates  and  tetramethyl" 
ammonium  chloride,  wera  included  in  these  tests*  Of  these  ths  latter,  when 
given  at  a  dose  of  7*5  fflcmo/kgn*  s  was  slightly  protective  as  evidenced  by  a 
10,*  survival  of  mice  for  30  days  and  discdium  msthanearsonate  (AM-10)  protected 
20$  of  the  raic®  at  a  dosage  level  of  3  00  ngsu/kgrao  Figure  2  shews  the  pro~ 
teotion  afforded  by  AN~X0* 

Monothiosuecinimlde  (WI«*1)  was  administered  at  dosage  levels  of  100 
nigra c-/kgm*  and  $0  mgm,/kgm*  and  found  to  be  effective  at  both  doses  In  protecting 
mice  for  30  days  after  a  lethal  exposure  to  x-ray*  Forty  par  cent  of  the  animals 
survived  in  both  instances,  but  at  the  lower  level  the  STtjg  was  increased  by  10 
days  over  that  of  the  simultaneously  :<°irradiated  controls,  whereas  at  the  higher 
level  it  was  increased  by  only  three  days*  Monothioaucclnimida  hydrolyses  to 
form  HgS  and  succlni’'dde  (3)  and  the  mechanism  of  the  protective  action  of  this 
compound  is  presumably  related  to  this  chemical  degradation*  Figure  3  3hows  the 
protective  effect  of  WI=10 

Three  pyraaolidenes  (GE-vL3,  GB~iU,  GE-15),  all  diphenyl  derivatives  and 
all  equally  toxic,  were  evaluated*  Minimal  radioprotective  effects  wore  evident 
when  a  dosage  level  of  50  mgra„/kgm*  of  these  compounds  was  employed  with  10$  of 
the  mice  so  pretreated  surviving  for  30  days  after  the  otherwise  lethal  x=ray 
exposure*  In  addition,  when  tho  phenylsulfinethyl  derivative  (GE»13)  was  given 
at  a  dosage  level  of  100  iRgpi*/kgm*0  20$  of  the  animals  survived  for  30  days* 
Figure  3  shows  the  radioprotective  effect  of  GS-13* 

Eleven  more  compounds,  the  names  and  structures  of  which  are  not  yet 
released,  ware  also  evaluated  and  of  these  six  wsre  significantly  protective 
(2C$  or  more  30-day  survivors),  and  three  exhibited  minimal  protection  (1G£ 
survival  for  the  3C=day  po3tirrrdiation  period)*  Figure  k  showB  the  protection 
afforded  by  tho  pre*»irradiation  administration  of  100  ngras/kgnio  and  50  mgja*/kgm* 
of  GE-16  and  that  afforded  by  100  mgm*/kgm*  and  $0  mgms/kgmo  of  GE-17*  The 
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Figure  10  Effect  of  hydroquinone  (EK~3£6)  and  2-*rainoathanethiol« 
sulfuric  acid  (EK~8hl3)  on  survival  of  nice  irradiated  with  700  r  of  whole 
body  x-irradiationo 


Per  Cent  Survival 


hi 


Days  After  X-ray 


Figure  2«  Effect  of  p=diraethoxy  benzene  (AN»9)  and  di sodium 
methanearaonate  (AN-10)  on  survival  of  mice  irradiated  with  700  r  of  whole 
body  x-irradiationo 


Figure  3<>  Effect  of  monothiosuccinimide  (WI»l)  and  1,2-diphanyl- 
U(2,-phenylsulfinethy'l)=3,Sl~pyrazolidinedione  (QE-13)  on  survival  of  mice 
irradiated  with  700  r  of  whole  body  x-irraaiationo 
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Figure  iu  Effect  of  GE-16  and  GE-17  on  survival  of  mice  irradiated 
with  700  r  of  whole  body  x-irradiation. 
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3&=’disy  survival  was  802  end  hOJi  respectively  far  the  mica  given  GE-X6,  while 
U02  and  $0%  respectively  of  the  mice  given  GE-17  survived  for  30  dayso 
Figure  9  shows  the  30-day  survival  data  for  compounds  GE-19  and  GE-23  where 
100  mga./kg “o  of  GE-19  permitted  20%  of  the  mice  to  live  for  30  days  post- 
irradiation  and  GE-23  permitted  60%  to  survive  at  the  seme  dosage  level* 

After  200  mgm.Agroo  of  GE-19,  the  percentage  of  survivors  was  only  10%  and 
300  ffigB„/kg«o  of  GE®23  reduced  the  protection  of  that  compound  to  the  Bam® 
level*  GE-20,  GE-21,  and  GE-22  protected  only  10%  of  the  mice  from  an  other¬ 
wise  lethal  exposure  of  whole  body  x-irrsdiati on *  When  GE-29  and  GE-26  were 
administered  at  100  mga*  Ag^* ,  202  snd  30%  respectively  of  the  animals  sur¬ 
vived  the  30-day  period  after  x-ray*  In  both  instances  a  higher  dose  eradi¬ 
cated  the  protective  effects  as  can  be  seen  in  Figure  6* 

Five  more  derivatives  of  compounds  found  previously  to  exhibit  varying 
degrees  of  radioprotectivity  were  included  of  which  only  two  proved  to  have 
any  value  as  radioprotective  agents*  ST-19  protected  only  10%  of  the  mice 
frcea  lethality,  but  ST-16  was  more  effective  as  can  be  seen  in  Figure  7o  At  a 
dose  of  200  »gm0/kg®°  $0%  of  the  mice  survived  for  30  days  post-irradiation  and 
at  a  dose  of  100  ragroa/kgra=  k0%  eurvivedo  At  the  higher  level  the  ST^q  was  also 
increased  by  13  days  over  that  of  the  control  mice  simultaneously  irradiatedo 


Sumary 

Thirty-six  ne»  compounds  have  been  evaluated  far  protective  activity 
against  radiation  lethality  in  CF^  male  mlceo  Of  these  13  were  significantly 
protective  in  that  they  permitted  20%  or  more  of  the  animals  to  survive  on 
otherwise  lethal  dose  of  whole-body  x-irradiation*  Nine  additional  compounds 
protected  102  of  the  mice  for  3°  days  car  more*  The  best  protection  was  ob¬ 
tained  with  GE-16  where  80jS  and  bO%  respectively  of  the  mice  pretreated  with 
two  dosage  levels  of  this  compound  survived  for  30  days  after  the  radiation 
exposure *  GE-23  protected  6($  at  one  dosage  level  and  10 %  at  the  other  doge 
employed,  whereas  OE-17  allowed  U0%  and  %0%  of  the  animals  to  live  for  30  days 
after  x-rsy*  ST-16,  another  compound  for  which  a  release  has  not  yet  been  ob¬ 
tained,  protected  9#  and  hO%  of  the  mice  at  the  two  dosage  levels,  WI-1, 
monothiosueoiniraide,  was  equally  protective  at  both  of  the  doses  used,  pro¬ 
tecting  hO%  of  the  animals  fro*  lethality*  The  two  compounds  which  protected 
30^  of  the  mice  were  GE-26  and  EK-8I1I3  (2-andnoethanethiolsulfuric  add).  The 
remaining  six  significant  protectors  permitted  survival  of  202  of  the  mice* 

They  included*  'EK-396,  hydroqulnonej  AN-9,  p-dlnethoxy  benzene?  AN-10,  disodium 
raethanearsooate  j  GE-13 ,1, 2-diphenyl-U( 2  * -phenylsulf Inethyl) -3 , 9-pyraa olldine- 
dlone?  GE-29?  and  GE-19.  Ten  per  cent  of  the  mice  treated  with  the  following 
compounds  also  survived  far  30  days  after  Irradiation*  EK-206,  m-phenylenedi- 
amine  dihydrochloride ?  AN-7,  p-iaethoxy  phenol?  AN-8,  tetramethylamonlum 
chloride j  GE-llt,  3,5”di<Jxo-l-phenyl-2-p-hydroxyphenyl°U-n-butyl  pyrazolidenej 
GE-19,  3,i>-dioxo-l,2-diphenyl-U-n-butyl  pyrazolidenej  GE-20?  GE-21j  GE-22;  and 
ST-19 0 
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Figure  $a  Effect  of  GE-19  and  GE-23  on  survival  of  mice  irradiated 
with  700  r  of  whole  body  x-ir radiation* 
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Figure  60  Effect  of  GE-25  and  GE«*26  on  survival  of  mice  Irradiated 
with  700  r  of  whole  body  x»irradiation« 
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Figure  7o  Effect  of  ST-16  on  survival  of  mice  irradiated  with  700  r 
of  whole  body  x- irradiation 
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PHARMACOLOGICAL  AMD  TOXICOLOGICAL  COMPOUNDS  AS  PROTECTIVE  OR  THERAPEUTIC 
AGENTS  AGAINST  RADIATION  INJURY  IN  EXPERIMENTAL  ANIMALS 


He  The  Effect  of  Po3t~ Irradiation  Administration  of  Sodium  Sulfite 
and  6ther  doapounds  op  Radi a^^^fethaLity  '  in  Female  Mice ' 

Jc  Dilley  and  Jo  Doull 


This  report  concerns t  The  survival  time  and  mortality  in  female  Q?^ 
mice  treated'  therapeutic  ally  with  2-imino«thiazolidine»i[|~carbca<ylic  acid, 
sodium  sulfite,  and  sodium  sulfite  plus  1-cysteine  after  exposure  to  lethal 
doses  of  whole-body  x*»irradiation0 

Immediate  or  ultimata  application  of  the  results?  To  find  compounds 
capable  of  reducing”  r'adl ati on  injury  when  given  after  radiation  exposure o  In 
previous  studies  designed  to  investigate  the  mechanisrn(B)  responsible  for  the 
radioprotective  effect  of  cyanide  arid  related  nitriles,  it  was  observed  that 
cyanide  and  one  of  its  metabolites  (2-Jjaino-thiazolidine»li-carboxylic  acid) 
exhibited  therapeutic  as  well  as  prophylactic  effects  against  radiation 
lethality  in  ndce0  Although  the  post-irradiation  protective  effect  of  cyanide 
is  slight  and  that  of  the  metabolite  is  only  moderate,  further  studies  on  these 
and  related  compounds  are  indicated  because  of  the  lack  of  agents  exhibiting 
this  abilityo  The  development  of  radioprotective  agents  which  are  effective 
when  given  after  radiation  exposure  offers  in  addition  to  the  practical  value, 
a  means  for  increasing  our  understanding  of  radiation  injury  and  its  prevention 
and  treatment o 


In  previous  studies  (1,2)  we  demonstrated  that  the  administration  of 
2-imino»tMasolidine~li=earboQ!ylic  acid  at  30  Minutes  after  whole-body  x«»ray 
exposure  will  significantly  reduce  the  30day  Mortality  in  CF-.  female  mice0 
The  2-in4no^thiazolidine--=li.-carbo^ylic  acid  used  for  these  studies  was  an  im¬ 
pure  preparation  obtained  by  mixing  cyanide  and  cystine  in  a  1  to  2  molar 
ratlOo  From  additional  studies  (3)  it  seems  unlikely  that  the  therapeutic 
affect  of  this  preparation  against  radiation  lethality  is  due  to  the  original 
reactants  or  to  other  possible  reaction  products0  If  the  protective  effect  is 
due  to  the  thiazolidine  derivative,  compounds  which  act  at  similar  sites  in 
the  biological  syatam  might  also  be  expected  to  exert  therapeutic  effects 
against  radiation  lethality  in  raioss  The  present  report  contains  the  results 
of  studies  in  which  sodium  sulfite  alone  and  in  combination  with  l-cystine  was 
administered  to  female  mice  at  30  minutes  after  they  were  given  whole-body 
x-ray  exposures 0 

Materials  and  Methods o  Adult,  female  Carworth  Farms  C?-^  mice  weighing 
between  20  and  25  grans  were"  used  for  these  studieso  The  control  and  experi- 
mental  groups  were  selected  from  single  shipments,  housed  in  groups  of  not  more 
than  eight  animals  per  cage  in  an  air-conditioned  roc©  (80°  -  3°  F5)  and 


So 


given  food  (Rockland  Laboratory  Chow)  and  water  sd  libitum »  Aqueous  so=> 
lutions  of  the  compounds  were  freshly  prepai’ed  just  prior  to  their  use  and 
were  injected  intraparitonaally  in  a  volume  which  did  not  exceed  3#  of  the 
body  weight  of  the  n&ceo 

The  x-ray  exposures  wore  given  by  means  of  a  Keleket  X-ray  Therapy 
Unit  which  was  operated  at  2$0  KVP  and  15  ma0  with  lo0  mra,  of  aluminum,  0,25 
mm0  of  copper  and  lo0  cm,  of  lucite  added  filtration,  The  dose  rate  was  de- 
termined  prior  to  each  x-ray  exposure  by  means  of  a  250  r  Victor een  Ioni¬ 
zation  Thimble  in  a Ir,  In  order  that  the  x°*ray  exposure  time  would  be  as 
short  as  possible,  the  exposure  cage  was  placed  as  alose  to  the  x-ray  tube 
as  was  possible  without  removing  the  tube  shield,  Under  these  conditions 
the  target-skin  distance  is  about  2$  cm*  and  the  dose  rate  is  about  235  r 
par  minute a  Both  the  control  and  experimental  groups  of  mice  were  irradiated 
simultaneously  and  the  weight  and  mortality  in  each  group  recorded  daily  far 
30  days  after  the  x-ray  exposure  or  until  all  of  the  nice  in  each  group  ware 
dead. 


Results 


Determination  of  the  toxic  dose  of  sodium  sulfite  in  CFi  female  mice. 
Fresh  aqueous  soSu'SiSis'  of  "anhydrous  sodium  sulfite  (C!P,’  Jo  Po_B^cer  t!hemical 
Go,,  Philadelphia,  Pa0)  were  prepared  and  injected  intraperitvieally  into 
groups  of  five  female  CP^  mice  at  each  dose  levelo  The  solutions  were  pre¬ 
pared  so  that  the  total  volume  injected  into  each  animal  did  not  exceed  1#  of 
the  body  weight.  Mortality  observations  made  daily  far  a  period  of  ten  days 
indicated  that  the  approximate  LD^q  for  sodium  sulfite  give®  intraparitoneally 
to  CF^  female  mice  is  about  900  ngm0/kgm0 

Survival  time  and  30°day  mortality  in  CFi  female  mice  given  aodlua 
sulfite  'w'rtK 'or'  without  cystSio ~and~ a  partially  purified  praparaitoiT'o?""" 
2°imino°thiagoildina-h-c'sj:'boxylic  acid  at  30  minutes  after  whole-body  x-ray 
exposuresT  Since  2-imlnc^thiaaoii(line-,U-cWboxylic'  acid'  an5~s^rH^e  ions 
undergo  many  similar  reactions  with  cyanide  including  an  analogous  reaction 
with  cystine  (U),  It  was  of  interest  to  determine  whether  sulfite  would  ex¬ 
hibit  therapeutic  effects  when  given  to  x-rayed  mice.  In  previous  studies 
the  maximum  therapeutic  effect  with  2-funino-thiaaolidine-U-carbajcylic  acid 
was  obtained  when  this  compound  was  given  at  30  minutes  after  the  x-ray  ex¬ 
posure  and  a  similar  interval  was,  therefore,  selected  fear  the  present  studies 
with  sodium  sulfite.  Six  groups  each  of  which  contained  16  female  GP,«iice 
were  used  far  these  studios.  Two  of  these  groups  were  given  sodium  sulfite 
(300  mgma/kgmo  intraperitoneally)  at  30  minutes  after  the  end  of  the  x=ray 
exposure  (600  r  whole  -body)  0  Otia  group  was  given  500  mgm./kgm,  of  2-isri.no- 
thiasolidine-li ^carboxylic  acid  at  30  minutes  after  exposure  and  the  fourth 
group  was  given  750  mgra,/kgme  of  the  thiazolidino  derivative.  The  fifth  group 
of  lb  nice  was  given  sodium  sulfite  (300  mga,/kga,  intraperitoneally)  plus 
1-cystine  (500  ngnu/kgra,  intraporiteneally) ,  and  the  sixth  group  was  given 
comparable  amounts  of  distilled  water  (controls).  The  thiazolidina  derivative 
used  for  these  "tudlca  was  prepared  and  partially  purified  using  the  method 
of  Schoberl  and  Hamm  (5)  except  that  the  treatment  with  copper  was  replaced 
by  treatment  with  HgS  to  remove  excessive  lead,  Gsing  this  modification  it 
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was  possible  to  obtain  colorless  needle  crystals  and  a  light  brown  granular 
material  which,  was  about  8(#  soluble  in  water 0  A  filtered  solution  of  the 
granular  material  was  used  for  the  present  studies  in  which  the  concentration 
of  the  solution  was  adjusted  so  that  the  animals  received  about  500  mgm®A{9»o 
of  the  thi&zolidine  derivative®  The  sodium  sulfite-cyBtine  solution  was  pro- 
pared  by  dissolving  the  cystine  in  a  dilute  alkaline  solution  and  adding  the 
sodium  sulfiteo  The  solution  developed  a  slightly  bluish  hue  which  soon  die- 
appeared  after  which  the  solution  was  administered  to  the  irradiated  animals® 

The  results  of  these  studies  are  summarized  in  Figure  1®  Fifty  per 
cent  of  the  mice  treated  with  the  large  dose  of  the  thiazolidine  derivative 
(750  ragm./kgroo)  survived  for  30  days  after  the  x-ray  exposure  whereas  only 
2$%  of  the  animals  given  $ 00  mgras/kg1^  of  this  compound  were  alive  at  this 
time®  Eight  of  the  animals  in  one  of  the  sodium  sulfite-treated  groups  were 
surviving  at  the  end  of  the  30*»day  observation  period  but  there  were  only 
three  survivors  in  the  other  group  so  that  the  combined  survival  in  the  mice 
treated  with  sodium  sulfite  was  about  J,b%  (11  out  of  32)®  Three  of  the  16 
mice  given  water  after  the  x-ray  exposure  (controls)  also  survived  far  30  days 
and  there  was  one  animal  surviving  which  had  been  given  sodium  sulfite  plus 
cystine®  It  is  evident  that  sodium  sulfite  is  less  effective  than  the  thia- 
zolidine  derivative  an  a  therapeutic  radioorotective  agent  when  given  at  300 
mgm0/kgm®  Additional  studies  are  in  progress  to  determine  whether  the  thera¬ 
peutic  effects  of  sodium  sulfite  are  improved  when  this  agent  is  given  at 
different  time  intervals  and  to  determine  whether  increasing  the  dose  of 
sodium  sulfite  increases  the  theraDeutic  effect®  The  lack  of  effect  when 
the  sodium  sulfite  is  given  in  combination  with  cystine  is  of  considerable 
interest  since  cystine  alone  does  not  markedly  alter  the  30-day  survival  of 
x-irradiated  animals  (3) ® 


Discussion 


The  demonstration  of  a  significant  protective  effect  following  the 
post-irradiation  administration  of  sodium  sulfite  to  x-rayed  CP®  female  mice 
is  of  interest  in  view  of  our  previous  findings  concerning  the  therapeutic 
effectiveness  of  a  natural  metabolite  of  cyanide,  2-imino-thiazolidine- 
U-carboxylie  acid®  Both  sulfite  and  cyanide  are  known  to  exert  an  inhibitory 
effect  on  several  porphyrin-containing  enzymes  including  the  cytochromes, 
catalases  and  peroxidases  as  well  as  hemoglobin®  In  many  cases  this  inhibi¬ 
tory  activity  is  readily  reversible  if  cystine  is  given  at  the  same  time  or 
immediately  afterward e  The  fact  that  in  these  series  of  experiments  we  were 
able  to  abolish  the  protective  effects  of  sodium  sulfite  by  giving  cystine  at 
the  same  time  suggests  that  these  particular  enzymo  systems  may  be  target 
molecules  for  damage  produced  by  irradiation®  This  effect  is  probably  not 
seen  with  cyanide  since  it  reacts  directly  with  cystine  very  quickly,  even 
at  room  temperature.  While  sulfite  ion  undergoes  an  analogous  reaction  it 
takes  place  much  slower® 

Recently  McLeod  et  al®  (6)  have  described  a  microsomal,  substrate- 
specific  enzyme  which  they  named  sulfite  oxidase®  This  is  a  hemoprotoin 
whose  adsorption  soectrum  in  the  reduced  form  resembles  that  of  cytochrome  b^® 
They  found  that  a  variety  of  molecules  including  oxyren,  cytochrome  c,  and  ^ 
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Figure  la  Survival  time  and  mortality  in  CFj  female  mice  treated 
with  various  compounds  30  minutes  after  exposure  to  600  r  whole-body  x-ray  0 
(The  numbers  in  parentheses  indicate  the  number  of  animals  used  in  each 
groupo) 
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aothylona  blue  will  act  as  electron  acceptors  far  the  reduced  enzyme,  Ths 
reaction  which  they  used  to  measure  the  enzyme  activity  is  as  follows! 


SO^  +  ItjQ  ♦  2  fsrricytochrcme  £  ==^30^  *  2H  *  2  ferrocytochrcme  c 

Previous  studies  in  this  laboratory  by  Sandberg  and  Doull  (7)  have  shown 
that  the  cytochrome  system  is  slightly  inhibited  by  a  single  lethal  exposure 
to  irradiation  in  the  intact  mouse  and  further  studies  are  planned  to  see  if 
this  effect  can  be  prevented  by  therapeutic  treatment  with  sulfite 0 

In  addition  to  the  above  consideration  for  the  possible  mechanism 
of  protection  with  sulfite,  it  is  of  interest  to  look  at  its  reactions  with 
the  molecules  which  contain  disulfide  bridges  essential  far  biological  ac- 
tivity0  Baily  and  Cole  (8)  have  studied  some  of  these  actions  in  cystine 9 
insulin,  trypsin,  chymotrypsin,  and  glutathione  and  have  proposed  the  follow- 
ing  general  type  reaction* 


R-3-S-R  +  SO,  — R-S-SCL  +  R-S 


If  disulfide  bridges  are  formed  by  ionizing  radiations  as  indicated  by  Barron 
(9),  then  the  presence  of  sulfite  may  be  an  important  factor  In  the  preser¬ 
vation  of  certain  enzyme  systems  in  their  active  state.  Since  cyanide  has 
been  shown  to  undergo  a  similar  type  reaction  (10),  further  studies  of  this 
reaction  in  normal  and  x-rayed  animals  are  indicated.  Although  sulfite  was 
less  effective  in  the  present  study  in  preventing  radiation  lethality  in 
mice  than  the  thiazolidine  derivative,  it  is  a  more  useful  agent  far  investi¬ 
gating  such  effects  since  it  is  easier  to  obtain,  purify,  and  administer  and 
its  reactions  are  better  understood  than  those  of  the  thiazolidine  derivative 
of  cyanide ,  It  is  planned,  therefor®,  to  extend  the  present  investigation 
with  sulfite  to  determine  the  optimal  time  and  dosage  level  for  this  agent 
and  to  compare  its  effectiveness  against  a  spectrum  of  radiation  doses. 


The  post-irradiation  administration  of  sodium  sulfite  at  a  dosage 
level  equivalent  to  about  one-third  of  the  LJteg  for  this  agent  has  been  shown 
to  significantly  increase  the  number  of  animals  (CF1  female  mice)  surviving 
at  30  days  after  6 00  r  of  whole-body  x-irradiation.  Comparison  of  the  thera¬ 
peutic  effectiveness  of  sodium  sulfite  with  2-iraIno-thiazclidine-li-carbaxylic 
acid  indicated  that  on  a  molar  basis,  but  not  on  a  mgB,/kgm0  basis,  sodiun  sul¬ 
fite  is  somewhat  more  effective  in  preventing  radiation  lethality  in  mice.  The 
therapeutic  effect  of  sodium  sulfite  in  x-rayed  nd.ee  can  be  eliminated  by  the 
simultaneous  administration  of  cystine. 
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HiAHHACOLOQICAL  AKD  TOXICOLOGICAL  COMPOUNDS  AS  PROTECTIVE  OR  THERAPEUTIC 
AGENTS  AGAINST  RADIATICM  INJURY  IN  EXMIIMENTAL  ANIMALS 

Ilia  Metabolism  and  Excretion  of  p=»  Aainopr opi ophen one  in  Mice 


Ja  Doull  end  U0  Flask 


This  report  concerns i  Measurement  of  p-arainopropiophenone  (PAPP)  and 
its  acetyl  derivative  ^'acetyl  PAPP)  in  the  blood  and  urine  of  CP-.  female  nri.ce, 
the  conversion  of  PAPP  into  a  rnethemoglobin-producing  substance  and  the  de- 
tection  of  this  substance  in  the  urine  of  mice  given  various  dosage  levels  of 
PAPP  or  acetyl  PAPP, 

Immediate  or  ultimate  application  of  the  results a  These  studies  consti¬ 
tute  pari  of  a  program  designed  to  obtain  information  concerning  the  toxic  and 
radioprotective  effects  of  the  currently  available  chemical  radioprotective 
agents,  Since  the  radioprotective  effects  of  p-arainopr opiophen one  are  thought 
to  be  due  to  the  production  of  anccda  Irt  radiosensitive  tissuesi  arid  this  effect 
is  attributed  to  the  methemoglobin-producing  ability  of  PAPP,  it  is  of  interest 
to  investigate  the  factors  involved  in  the  PAPP-induced  methemoglobinemia  to  de¬ 
termine  whether  they  can  be  correlated  with  its  radioprotective  activity, 

*  «•  #  •»  4> 


In  previous  studies  (1,2)  we  have  investigated  the  toxicity  and  radio¬ 
protective  effects  of  PAPP  and  its  acetyl  derivative  in  male  and  female  nriLoe 
and  ratso  Although  the  toxicity  of  PAPP  to  male  rats  and  mice  is  similar,  fe¬ 
male  mice  are  more  resistant  and  female  rats  are  mare  susceptible  to  the  toadc 
effects  of  this  agent  than  males-.  The  toxic  effects  of  PAPP  ore  not  directly 
related  to  the  radioprotective  activity  of  this  compound  since  both  male  and 
female  rats  and  mice  exhibit  comparable  protective  effects  when  given  the  same 
dose  of  PAPP  prior  to  whole-body  x«ray  exposure..  Furthermore,  the  radiopro¬ 
tective  activity  of  both  PAPP  and  acetyl  PAPP  appears  to  be  relatively  inde¬ 
pendent  of  the  administered  dosage  level  providing  the  threshold  is  exeeededo 
In  view  of  these  findings,  it  was  of  interest  to  determine  whether  the  teode 
or  the  radioprotective  effects  of  PAPP  (or  perhaps  both  effects)  can  be  corre¬ 
lated  with  the  ability  of  this  agent  to  produce  methemoglobinemia  in  rats  and 
mice.  Both  PAPP  and  acetyl  PAPP  produce  delayed  toxic  effects  in  rate  and  mice 
and  it  is  difficult  to  attribute  these  effects  to  the  transient  methemoglobinemia 
produced  by  these  compounds.  However,  animals  which  are  treated  with  either 
compound  frequently  die  when  placed  under  conditions  which  increase  their 
respiratory  needs  (hypoxia^  increased  environmental  temperature,  etc0)  suggest¬ 
ing  that  the  metfaemoglobin-induced  ancada  of  PAPP  is  responsible  for  the  acute 
toxic  effects  of  thiB  agent.  Similarly,  the  radioprotective  effects  of  these 
agents  do  not  correlate  well  with  their  raethemoglobin-producing  effects.  Al¬ 
though  the  time  of  onset  of  the  methemoglobinemia  and  radioprotective  effect  is 
similar  in  mica  given  PAPP,  the  protective  effect  precedes  the  methemoglobinemia 
in  ndcs  treated  with  acetyl  PAPP,  The  duration  of  the  methemoglobinemia  in 


PAPP«;3a?eatsd  mice  is  also  much  laager  (three  to  four  hours)  than  the  protective 
effect  in  these  animals  (less  than  one  hour)  whereas  the 'duration  of  the  two 
effects  is  more  closely  correlated  in  mice  given  aaetyl  PAPP,  Methylene  blue 
which  reduces  methemoglobin  formation  in  both  rats  and  iidce  also  decreases 
radioprotective  effects  but  high  pressure  oxygen  exposure  which  increases 
methemoglobinemia  eliminates  the  raiioprotective  effects  of  the  agents ® 

In  additional  studies  we  have  also  demonstrated  that  both  PAPP  and 
acetyl  PAPP  must  undergo  an  ia  vivo  conversion  sincte  neither  agent  converts 
hemoglobin  to  methemoglobin  la^rltrco  This  conversion  occurs  primarily  in  the 
kidneys  although  other  tiesuas  (T:Cver5  spleen,  heart)  are  capable  of  converting 
PAPP  into  the  methamtsglobin-produoiag  sgento  It  was  of  interest,  therefore,  to 
determine  whether  the  rostnemoglcbin-producing  substance  could  be  detected  in  the 
urine  and  whether  the  urinary  level  could  be  related  to  the  urinary  or  blood 
level;?  of  PAEPo  It  was  also  of  interest  to  follow  the  urinary  excretion  of  PAPP 
and  to  determine  whether  this  agent  is  acetylated  prior  to  excretion 0 

Materials  m&  Methods  a  Adult,  female  Gar  worth  Farms  CFq  mice  weighing 
between  lD^aaa""22  grams  were  employed  for  these  studies  ,  The  animals  were  given 
food  (Rockland  Laboratory  Food)  and  water  ad  libitum  prior  to  the  urine  col¬ 
lection  periods  but  were  given  only  water  during ”51©  2l*-hour  period  in  which 
they  wore  in  the  urine  collection  apparatus,.  The  animals  were  caged  in  groups 
of  ten  mica  during  the  urine  collection  period  and  tho  urine  hub  collected  hour- 
ly  using  a  fraction  collect ca» s  The  solutionu  of  PAPP  and  acetyl  PAPP  were  pre¬ 
pared  freshly  using  propylene  glycol  as  the  vehicle  and  were  given  intraperito- 
neally  immediately  prior  to  the  urine  collection  periods*,  The  concentration  of 
the  infection  solutions  was  adjusted  so  that  none  of  the  mica  ware  given  over 
IjS  of  their  bod,'/  weight*.  The  control  groups  of  mice  were  given  comparable 
amounts  of  propylene  glycol*. 


The  urine  samples  were  assayed  far  metheraoglobin-producing  3ubstanca  by 
adding  0o25  to  loj?  mlo  of  urine  to  Qe2  mi,  of  freshly-drawn  mouse  blood,  incu¬ 
bating  for  30  minutes  and  then  determining  the  conversion  of  hemoglobin  to 
matheraoglobin  using  the  Evelyn  Malloy  method  (3)0  Tho  Brattcra-KarshaLX  method 
for  sulfanilamides  (1;)  was  used  to  determine  the  urinary  content  of  PAPP  and  its 
acetyl  derivatives  Since  this  method  depends  on  the  diazobiz&tioa  of  a  free 
amino  group  on  a  benzene  ring,  it  seemed  likely  that  it  might  be  satisfactory 
for  the  measurement  of  both  PAPF  :ad  scstyl  PAPP0 


Results 


Evaluation  of  the  Bratton-Harshall  sulfanilamide  method  for  the  measure¬ 
ment  of  PAPP  and  acetyl  PAPP  in  foe  blood  and  ;irina  of  CP,  femalo  raicao  To  da- 
terrain®  whether  the  Brattcm-fSrsheil  method  would  be  suitable  for  investigating 
the  distribution  and  excretion  of  PAPP,  it  was  necessary  to  determine  first 
whether  any  modification  of  the  method  wa3  required  and  second  to  determine  the 
sensitivity  of  tho  method  fer  PAPP,  Standard  solutions  containing  1  mg,,  of  PAPP 
or  aaetyl  PAPP  ware  prepared  in  $0%  propylene  glycol  and  further  diluted  with 
water  to  obtain  concentrations  of  10  to  ICO  gamna.  of  each  agent  par  ml,  Analy¬ 
sis  of  th3sa  solutions  using  the  Bratton-Harehall  method  indicated  that  a  linear 
response  could  bo  obtained  within  the  concentration  range  of  1  through  2$  gamma 
using  a  wave  length  of  $U0  irp0  The  color  which  developed  with  PAPP  was  more 
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purple  than  that  which  is  seen  with  the  sulfanilamides  bat  the  use  of  filters 
having  wave  lengths  of  about  510  tc^a  or  560  mp  did  not  markedly  improve  either 
the  sensitivity  or  the  range  of  the  method,  The  acetyl  derivative  of  PAPP 
gave  no  color  when  treated  in  the  same  manner  as  PAPP  but  acidification  and 
boiling  of  the  standard  solution  for  one  hour  to  convert  the  acetyl  derivative 
to  the  free  amine  permitted  the  measurement  of  the  acetyl  derivative  without 
significant  loss,  Standard  solutions  of  acetyl  PAPP  which  were  permitted  to 
stand  for  periods  of  2U  to  96  hours  prior  to  analysis  were  found  to  exhibit 
soma  hydrolysis  (10#  to  25#  in  2h  hours)  indicating  that  fresh  standards  of 
this  agent  must  be  prepared  daily  for  use  with  this  methodo  When  PAPP  was 
added  to  mouse  urine  or  blood  at  concentrations  of  between  10  and.  1,000  gamma/ 
ml,,  it  was  possible  to  detect  between  96%  and  102#  of  the  agent "following  re°» 
moval  of  the  proteins  with  %  trichloracetic  acid,  It  is  apparent  .from  these 
studies  that  the  Bratton-Karshall  method  ia  suitable  for  the  analysis  of  PAPP 
and  its  acetyl  derivative  in  the  urine  and  blood  of  mice0  However,  since  the 
method  is  specific  only  for  the  amino  group  of  PAPP,  it  does  not  provide  infer** 
mat! on  concerning  metabolic  changes  in  the  rest  of  the  molecule,  Additional 
studies  are  in  progress  to  develop  analytical  procedures  which  can  be  used  to 
follow  the  changes  in  the  phenone  portion  of  PAPP  and  its  acetyl  derivative 0 

Urinary  excretion  of  PAPP  and  aoetyl  PAPP  in  CF-t  female  mice,  Six 
groups  oT^S^fGffiale  mice,  each  of  which  contained  ten  animals^  were**uned  for 
these  studies*  Three  of  the  groups  were  given  10,  20,  or  30  rngiuo/kgra,  of  PAPP 
intraperitoneally  and  the  remaining  three  groups  were  given  10,  30,  or  60  mgm„/ 
kgmo  of  acetyl  PAPP  by  the  same  rout©0  The  mice  used  far  these  studies  weighed 
about  20  grams  and  they  were  each  given  0,1  ml*  of  the  injection  solutions  which 
contained  2,  U,  cxr  6  ngB0  of  PAPP/mlo  or  2,  6,  or  12  mgra,  of  acetyl  PAPP/ml0  in 
propylene  glycol.  After  the  mice  were  injected,  they  were  immediately  placed  in 
a  metabolism  cage  (at  about  9s00  A„M0)  and  the  urine  collected  for  a  period  of 
2k  hours  o  Although  the  urine  samples  were  taken  hourly,  many  of  the  samples 
were  pooled  beoause  of  the  snail  volume  of  urine  produced  and  the  results  shown 
in  Table  1  are  for  pooled  samples  covering  the  periods  of  0  to  6,  6  to  12,  and 
12  to  2h  hours.  The  samples  ware  analysed  for  free  PAPP  using  the  Bratton** 
Marshall  method  described  in  the  previous  section  and  far  bound  or  ecstylatad 
PAPP  by  the  acidification  and  heating  method  described  far  the  analysis  of 
acetylated  sulfonamide s. 

During  the  first  few  hours  after  the  administration  of  either  PAPP  or 
acetyl  PAPP,  the  mice  were  depressed  and  their  urine  production  was  email.  The 
urine  output  was  greateat  during  the  12  to  2ii»bour  period  after  the  adminis- 
tratiors  of  the  PAPP  or  acetyl  PAPPo  However,  in  all  of  the  studies,  this  period 
occurred  during  the  night  when  the  animals  are  normally  active,  Neither  the 
PAPP  nor  the  acetyl  PAPP  appeared  bo  markedly  decrease  the  2U-hour  urinary  out®* 
put  since  two  groups  of  control*,  mice,  given  cceipsrable  amouhts  of  propylene 
glycol  only,  had  2ii-hour  urinary  outputs  of  Hi ,8  ml,  and  17,1  ml,  respectively. 

The  results  of  the  PAPP  and  acetyl  PAPP  determinations  in  the  urine 
samples  of  these  animals  are  summarized  in  Table  10  It  is  evident  that  the  ex¬ 
cretion  of  PAPP  is  greatest  (Soring  the  first  six  hours  after  the  agents  are  ad¬ 
ministered,  In  several  of  the  experiments  in  which  it  was  possible  to  obtain 
urine  samples  at  more  frequent  intervals  during  this  first  6-hour  period,  the 
greatest  excretion  of  PAPP  was  observed  during  the  2  to  U-hour  period  at  which 
time  most  of  the  mice  were  beginning  to  recover  from  the  depressant  effects  of 


TABLE  1 


Urinary  Excretion  of  PAPP  and  Acetyl  PAPP 
in  CF-j_  Female  Mice 


Urinary  Recovery 

Administered 

Honrs  of  Urine 

Urine  Volursa 

(ugm,  of  PAPP) 

Dose  in  Kgm0/lcgs a. 

Collection 

in  mlo 

Free 

Bound 

Total 

0  to  6 

208 

98 

690 

788 

10  of  PAPP 

6  to  2h 

XOoO 

127 

168 

295 

0  to  6 

2'o5 

3CU 

668 

972 

20  of  PAPP 

6  to  12 

Sol 

123“ 

137 

260 

12  to  2h 

?o3 

181 

83 

26U 

0  to  6 

3o7 

U82 

982 

1U2U 

30  of  PAPP 

6  to  12 

0o7 

1U8 

97 

2U5 

12  to  2h 

10,5 

173 

130 

303 

10  of  Acaty3. 

0  to  6 

2,0 

38 

U87 

525 

PAPP 

6  to  2U 

lUol 

190 

108 

302 

0  to  6 

2,3 

137 

801 

938 

30  of  Acetyl 

PAPP 

6  to  12 

2,8 

120 

152 

272 

12  to  2h 

13oU 

209 

88 

297 

L.  .  .... 

0  to  6 

M 

587 

2128 

2715 

60  of  Acetyl 

PAPP 

6  to  12 

0,9 

53 

196 

2U9 

12  to  2U 

60$ 

275 

205 

580 

9 9 


the  agentso  In  these  studies  the  injection  solutions  were  also  used  to  prepare 
the  standard  solutions  for  the  Bratton-Mar shall  method  so  that  the  recovery  of 
injected  PAPP  or  acetyl  PAPP  could  be  determined  for  each  excretion  group*  The 
total  recovery  of  the  injected  PAPP  in  the  2 labour  period  was  5b<>2%  for  the 
group  given  10  mgaa  of  PAPP/kgm0  and  was  37*i$  and  32*  8£  for  the  groups  given 
20  and  30  agm*  of  PAPPAg®»  respectively*  If  the  acetyl  PAPP  results  are  cor¬ 
rected  for  the  difference  in  molecular  weight  (192  grams  acetyl  PAPP  equivalent 
to  1U9  grams  /of  PAPP)  then  the  total  urinary  recovery  of  acetyl  PAPP  in  the 
three  groups  was  $3°0$a  32*2%*  and  37.9#  in  the  mice  receiving  10,  30  and  60 
ragm*  acetyl  PAPPAgra®  respectively*  Thus  it  is  apparent  that  the  most  complete 
recovery  of  the  injected  agent  is  attained  when  low  dosage  levels  are  given* 
However,  even  in  this  situation  almost  half  of  the  administered  material  is  not 
accounted  for  by  .urinary  excretion  alone© 

A  comparison  of  the  free  and  bound  (acetylated)  urinary  content  of  PAPP 
indicates  that,  in  the  PAPP-treated  mice,  during  the  early  period  most  of  the 
PAPP  is  excreted  in  the  bound  or  acetylated  form  (about  1%)  whereas  during  the 
later  periods  there  is  more  free  PAPP  in  the  urine  than  acetylated  PAPP*  The 
,  same  pattern  can  be  observed  in  the  animals  given  acetyl  PAPP*  The  deteotlou  of 
free  PAPP  in  the  urine  of  the  mica  given  acetyl  PAPP  is  of  considerable  interest 
since  it  indicates  that  the  acetyl  PAPP  is  da-acetylated  in  vivo  in  mice*  It  is 
evident,  therefore,  that  both  PAPP  and  its  acetyl  derivative  are  excreted  in  the 
free  and  bound  forms* 

Conversion  of  PAPP  and  acetyl  PAPP  into  a  raetheBoglobin-produclng  sub¬ 
stance  aud  ita  subsequent  exoretion  in'  tha^  urine  of  female  lirLce  0  Preliminary 
"studies'  were  carried  out  to  determine  whetEer  a  methemoglob'in-produciiag  substance 
could  be  detected  in  th®  urine  of  female  mice  given  either  PAPP  or  acetyl  PAPP* 
For  these  studies  a  2lj-hour  urine  sample  was  collected  from  groups  of  ten  animals 
which  had  received  PAPP  (30  Bgm*Ag111®  intraperitoneally)  or  acetyl  PAPP  (100 
mgm*Ag®®  intraperitoneally)  and  from  a  group  of  control  animals  which  had  been 
given  comparable  amounts  of  propylene  glycol*  Various  amounts  of  th©  undiluted 
urine  samples  were  added  to  0*2  ml,,  of  freshly  drawn  aouao  blood  and  after  a 
6 0-minute  incubation  period,  the  mixture  was  analyzed  far  conversion  of  the 
hemoglobin  to  nethemoglobin*  The  results  of  these  studios  are  summarized  in 
Table  2  where  it  dan  be  seen  that  the  per  cent  conversion  of  hemoglobin  to 
methemoglobin  appeared  to  be  related  to  the  amount  of  urine  added  and  that  the 
control'  urine  did  not  cause  appreciable  methemoglobin  formation*  An  additional 
Bample  of  the  control  urine  to  which  PAPP  had  been  added  (1  mgm«/mlo)  was  also 
incubated  with  mouse  blood  and  since  there  was  no  methemoglobin  formation  in 
this  sample,  it  is  evident  that  the  conversion  of  PAPP  into  the  methemoglobin- 
producing  substance  does  not  occur  in  vitro  in  urine*  It  was  of  interest  to 
determine  whether  the  methemoglobin-produclng  substance  present  ■  in  the  urine 
was  stable  and  for  these  studies  the  urine  samples  used  for  the  above  studies 
war©  permitted  to  stand  for  periods  or  zii  or  ito  hours  (in  a  refrigerator)  after 
which  they  were  retested  for  metimmioglobla-produaing  ability*  The  results  of 
these  studies  are  also  shown  in  Table  2  where  it  can  be  seen  that  there  was 
only  a  small  decrease  in  the  methemoglobin-producing  ability  of  the  urine 
during  the  tec- day  period o  It  is  evident,  therefore,  that  the  mathemoglobin- 
producing  substance  which  is  formed  when  mice  are  given  either  PAPP  or  acetyl 
PAPP  is  excreted  in  the  urine  and  that  the  substance  is  relatively  stable  when 
kept  cold*  Additional  studies  are  in  progress  to  determine  whether  heat,  pH 
and  other  factors  influence  the  stability  of  this  material  and  to  determine 
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TAI&E  2 


Studies  on  the  Methemoglobi\i~  Producing  Ability  of  Urine 
.from  0P-j_  Female  Mice  Given  PAPPS  Acetyl  PAPP  or  . 
Propylene  Glycol  (Controla) 


i 

Incubation  Mixture 

Per  Cent  Conversion  of 

Source  of  Urine 

Urine 

Water 

Blood 

Hemoglobin  to 
Methemoglobin 

ml3 

ml# 

mL, 

0,5 

1,3 

0,2 

2?1 

10  mice  given  propylene 
glycol 

loO 

0o8 

0,2 

1,9 

1.5 

0o3 

0,2 

_  .  .  _  . 

2,6 

0,5 

1.3 

0,2 

13o9 

10  mice  given  PAPP 
(30  mgmo/kgmo) 

1*0 

0*8 

0,2 

18,5 

1.5 

0o3 

0,2 

0,5 

lo3 

0,2 

23,6 

10  mice  given  Acetyl 

PAPP  (100  mgm0/kg205 

1.0 

0o8 

B 

kho9 

1.5 

0o3 

0,2 

73 ,7 

o,5 

,  1-3 

0,2 

0,0 

Control  urine  plus  PAPP 
(1  ®gia,/ml0) 

1,0 

CO 

o 

O 

0,2 

1.0 

1,5 

i  0,8 

0,2 

OoO 

Urine  from  PAPP-treated 

o,5 

1,3 

— 

j  12  06 

nice  stored  for  2h 
hours  at  5°  C0 

1.0 

|  0*8 

“  _ _ _ 

j  0,2 

j  20,1 

Urine  from  PAFP=>treated 
mice  stored  for  U8 

o,5 

fil 

0,2 

lOcU 

hours  at  5°  G0 

■ 

|  0,2 

16,8 

6l 


whether  it  is  as  effective  in  producing  methemoglobia  in  the  blood  of  other 
species  as  it  is  in  mice0  Studies  sire  also  in  progress  to  determine  whether 
the  concentration  of  tho  methemoglobin-producing  substance  can  be  expressed  in 
terns  of  nitrite  equivalents  since  no  standard  is  as  yet  available  for  the  ma« 
terial  which  is  derived  from  the  PAPP  and  acetyl  PAPP, 

Since  the  preliminary  studies  demonstrated  that  it  is  possible  to  de¬ 
tect  a  metheaoglobin-forming  substance  in  the  urine  cf  mice  given  PAPP  or  acetyl 
PAPP,  it  was  of  interest  to  determine  whether  the  presence  of  this  material  is 
correlated  with  the  urinary  levels  of  PAPP  or  acatyl  PAPP*  Methemoglobin  de¬ 
terminations  were,  therefore,  carried  out  on  several  of  the  urine  samples  used 
for  the  PAPP  and  acetyl  PAPP  excretion  studies,  The  results  of  these  studies 
are  summarised  in  Table  3°  It  can  be  seen  that  there  was  no  detectable  metheaao- 
globln  producing  substance  in  the  urine  of  the  mice  given  the  low  dose  (10  mgm,/ 
kg*,  intrapsritoneally)  of  either  PAPP  or  acetyl  PAPP,  When  the  dosage  level 
was  increased  to  20  mgja„Agm,  of  PAPP  and  30  »gm,AE®°  ot  acetyl  PAPP,  the 
methemoglobin  producing  substance  was  detectable  during  the  first  six-hour 
period  of  urine  collection  and  also  during  the  second  sir-hour  period  in  the 
mice  given  the  PAPP0  There  was  no  methemoglobin-producing  substance  in  the 
urine  of  the  rd.ee  obtained  during  tho  12  to  2U«*hcur  collection  period.  How¬ 
ever,  in  the  animals  which  received  the  two  highest  dosage  levels  of  PAPP  and 
acetyl  PAPP,  the  greatest  amount  of  methemoglobin-producing  material  was  found 
in  the  urine  which  was  collected  during  the  12  to  2U-hour  period.  It  is  likely 
that  this  is  due  to  the  fact  that  these  ird.es  produced  little  urine  during  th© 
first  12  hours  after  they  had  been  given  the  PAP?  and  acetyl  PAPP  but.  additional 
studies  will  be  required  to  determine  th®  relationship  between  urine  volume  and 
excretion  of  the  methemoglobin-producing  substance. 


Discussion 


In  previous  studies  (1,2)  we  have  demonstrated  that  the  methemoglobinemia 
seen  in  mice  given  PAPP  occurs  shortly  after  its  administration  and  persists  for 
several  hours  depending  on  the  dose  administered.  The  initial  level  of  methemo¬ 
globinemia  in  such  animals  is  relatively  independent  of  the  dose  of  PAPP,  how¬ 
ever,  within  a  range  of  doses  of  10  to  60  m gtt,/kgnc  intraperitoneally.  The  onset 
of  methemoglobinemia  in  mice  given  acetyl  PAPP  is  slower  and  the  effect  persists 
far  a  longer  period  although  the  level  of  methemoglobinemia  is  comparable  to  that 
seen  in  PAPP  treated  animals.  In  mice  which  have  had  most  of  the  liver  removed, 
there  is  a  marked  delay  in  the  onset  of  the  acetyl  PAPP-induced  methemoglobinemia 
but  not  in  that  which  is  produced  by  PAPP,  From  these  studies  we  have  suggested 
that  acetyl  PAPP  must  first  be  converted  to  PAPP  (in  the  liver)  and  that  the 
methemoglobinemia  then  results  from  the  subsequent  conversion  of  PAPP  to  a 
methemoglobin-producing  substance  (mostly  in  the  kidneys).  The  demonstration 
in  the  present  studies  that  free  PAPP  is  excreted  following  the  administration 
of  acatyl  PAPP  supports  this  hypothesis  and  the  further  finding  that  PAPP  is  ex¬ 
creted  in  both  the  free  and  bound  forms  suggests  that  there  is  an  equilibrium 
between  PAPP  and  acetyl  PAPP  in  vivo.  These  studies  indicate  that  both  PAPP  and 
acetyl  PAPP  are  rapidly  excreted  (mostly  (hiring  the  first  few  hours  after  adminis¬ 
tration)  in  the  urine  although  less  than  half  of  the  injected  material  was  ac¬ 
counted  for  in  either  the  free  or  acetylated  forms  in  the  urine  during  the  first 
day  after  administration. 
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TABLE  3 


Excretion  of  a  Methejaogiobin«Produciag  Substance  in  the  Brine 
of  CF-.  Female  Mice  Given  Various  Doses  of  PAPP  or 
Acetyl  PAPP 
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TABLE  3»~Gontii3Usd 


Administered 

Dose  in  mgmo/kgmo 

Hours  of  Urine 
Collection 

Aliquot  of  Urine 
Used  for  Test 
(ml.) 

Per  Cent 
Methemoglobin 
Formation 

0.5 

0  to  6 

1.0 

1.5 

o.5 

0 

30  of  aoetyl  PAPP 

6  tc  12 

1.0 

lot 

0 

0.5 

0 

12  to  2h 

1.0 

0 

lot 

0 

3.3 

0  to  6 

1.0 

7. 9 

1.5 

17.0 

o.5 

2ok 

60  of  aoetyl  PAPP 

6  to  12 

1.0 

12.2 

lot 

19.7 

0.5 

13.9 

1  12  to  24 

1.0 

18.5 

1 

lot 

Wi.7 

6U 


Tha  present  studios  have  demonstrated  that  a  mathsmoglobin-piroducing 
substance  can  be  detected  in  tha  urine  of  mica  given  either  PAPP  or  acetyl  PAPP 
and  that  it  is  not  formed  whan  PAPP  is  added  to  urine  in  vitro©  The  excretion 
of  this  material  in  the  urine  of  mice  appears  to  be  relatecT  "io  the  urine  volume 
although  additional  studies  are  required  to  characterise  the  excretion  patterns 
mors  fully©  It  would  appear s  therefore,  that  this  metabolic  product  of  PAPP 
and  acetyl  PAPP  is  excreted  In  a  somewhat  different  pattern  than  the  original 
substances  and  this  observation  may  b®  useful  in  characterising  the  methemo¬ 
globinemia  effect  of  these  agents o  Since  the  method  used  for  the  detection  of 
PAPP  and  acetyl  PAPP  in  these  studios  is  also  applicable  to  blood,  it  should  be 
possible  to  investigate  the  time  course  of  both  the  methemoglobin  production 
and  'die  blood  levels  of  the  free  sad  bound  PAPP  in  the  same  animals© 

We  have  previously  suggested  that  the  metabolic  product  of  PAPP  which 
is  responsible  for  the  msthsraoglobin  production  is  a  quinoid  derivative  and 
that  it  mey  be  a  resonating  quinoid©  It  is  possible  that  this  substance  might 
be  responsible  for  the  radioprotective  effect  of  PAPP  and  similar  phenonea  and 
that  it  is  acting  as  a  free  radical  scavenger  rather  than  through  tha  taothemo*- 
globin^forming  rasahanism©  If  this  were  tha  case,  than  the  ability  to  detect  this 
agent  in  the  urine  may  be  of  considerable  value  in  investigating  its  effects  and 
may  even  provide  a  source  of  the  material  since  it  appears  to  be  relatively 
stable©  We  have  been  unable  up  to  the  present  time  to  find  a  source  of  PAPP 
derivatives  of  this  type  although  several  related  quinones  hare  been  obtained 
and  are  being  tested  for  radioprotective  effects  in  nrf.ce©  Isolation  and  identi¬ 
fication  of  the  methemoglobia-producing  agent  from  the  urine  would  facilitate 
further  studies  and  it  lo  planned  to  carry  out  such  procedures  during  future 
work  on  this  preblaiso 


Summary 

lo  A  standard  method  for  the  detection  of  free  at  d  bound  sulfonamides  has  been 
used  to  investigate  the  excretion  of  PAP?  and  acetyl  PAPP  in  the  urine  of 
CF-.  female  itrf.ee©  This  method  which  depends  on  the  diazot'isation  of  the  free 
emxao  group  and  subsequent  aoupllng  with  an  ethylenediamlne  derivative  was 
found  to  be  suitable  for  tha  measurement  of  the  phonons  derivatives  in  the 
blood  and  urine  of  mice  at  concentrations  of  I  to  2$  gama  per  ml© 

2©  Both  PAPP  sad  acetyl  PAPP  are  excreted  rapidly  in  tha  urino  of  CF1  female 
mi co  when  given  by  intraperitonsal  administration  although  higher  dosage 
levels  which  depress  ths  animals  delay  the  excretion  by  this  route o  With 
low  doses  (10  ragm./kgm0  inbrapsritoneally)  of  these  agents  about  of  tha 
administered  agent  was  recovered  in  the  free  or  aeatylated  farm  in  the  urine© 
Lcwsr  recoveries  were  obtained  when  the  dosage  level  was  increased©  During 
the  early  period  (0  to  6  hours)  after  the  administration  of  either  PAPP  or 
acetyl  PAPP,  most  of  the  agent  in  the  wine  is  present  in  the  aectylated 
form  whereas  the  reverse  situation  occurs  at  later  intervals  (12  to  2); 
hours)©  Acetyl  PAPP  is  excreted  in  the  urine  of  CF»j  female  mice  83  free 
PAPP  as  well  as  in  the  acetylc.ted  form  indicating  tHat  this  agent  undergoes 
a  partial  ia  vivo  de-acetylatior.  prior  to  excretion© 

3->  A  EstharnGglobiss-f arming  substance  was  detected  in  tho  urine  of  CF^  female 
mice  given  eithor  PAPP  or  acetyl  PAPP©  This  crubstance  appeared  to  be 
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relatively  stable  when  kept  coldo  Preliminary  studies  have  been  carried 
out  to  determine  whether  the  urinary  concentration  of  this  material  is  re~ 
lated  to  the  urinary  concentration  of  either  the  free  or  bound  forms  of 
PAPPo 
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THE  INFLUENCE  OF  EXPOSURE  TO  LOW  LEVELS  OF  GAMMA  AND  FAST 
NEUTRON  IRRADIATION  ON  THE  LIFE  SPAN  (F  ANIMALS 


Xo  Current  Status  of  the  Chronic  Law  Level  Fust  Neutron 
~  Irradiation  Program 

A®  Sandberg  and  <!■»  Doull 


This  report,  concerns  i  Survival  data  for  CF]_  female  mice  exposed  to 
fractionated”  chronic  fast  neutron  irradiation  at  various  dose  rates®  This  . 
report  contains  results  obtained  during  the  first  weeks  of  a  duration  of 
life  radiation  exposure  program® 

Immediate  or  ultimate  application  of  the  results;  To  obtain  ad- 
diticmal"Tnfomation  on  the  injury  and  recovery  processes  from  chronic  radi- 
ation  exposure o  From  the  studies  now  in  progress  it  will  be  possible  to  de¬ 
termine  the  effects  of  variation  in  dose  rate  on  the  longevity  response  to 
fast  neutron  irradiation®  These  studies  will  permit  a  comparison  of  chronic 
'  fast  neutron  irradiation  with  chronic  gamma  irradiation  both  from  a  quantlta- 
tlve  standpoint  in  which  life  span  shortening  is  the  measured  parameter  and 
a  qualitative  standpoint  from  the  hiotopathological  examination  of  the  tissues 
of  the  mice  which  r eceived  irradiation  exoosures®  The  survival  data  obtained 
in  this  chronic  irradiation  program  will  be  of  value  in  testing  the  various 
medal  systems  which  have  boon  proposed  for  predicting  the  effects  of  chronic 
irradiation  and  in  the  formulation  of  a  mathematical  statement  so  that  the 
environmental  hazard  associated  with  low  level  fast  neutron  exposure  can  be 
determined® 


*  -;(•  •*  •*  -:<•  «•  a 

Preliminary  studies  concerning  the  life  span  shortening  effects  of 
chronic  fast  neutron  and  chronic  gamma  irradiation  have  been  carried  out  in 
this  laboratory  to  determine  the  magnitude  of  response  which  could  be  achieved 
with  the  present  facilities®  Escorts  have  been  presented  concerning  the  com¬ 
plete  survival  data  for  the  gamma  irradiation  program  (l)  and  for  two  of  the 
fast  neutron  irradiated  groups  (?)  throughout  the  entire  duration  of  life 
study®  In  the  previous  studies  in  this  laboratory  life  span  shortening  was 
used  as  tha  major  index  for  determining  the  effects  of  variation  in  dose  rata* 
total  dose,,  and  exposure  pattern  (3=4.0®  In  the  present  studies  a  constant  ex~ 
posura  pattern  is  being  employed  so  that  life  span  shortening  as  a  function  of 
varlatioa  in  dose  rate  is  the  principal  effect  being  investigated®  In  addition 
to  these  groups  of  animals  which  are  being  observed  for  life  span  shortening 
effects  of  chronic  fast  neutron  irradiation,  cages  of  mice  have  been  placed  in 
each  of  tho  various  dose  groups  to  allow  for  serial  sacrifice  at  specified  time 
intervals  in  order  to  obtain  additional  information  concerning  the  pathological 
changes®  In  the  previous  fast  neutron  irradiation  programs  carried  out  in  this 
laboratory  histopathological  information  was  obtained  only  on  animals  which  had 
died  or  were  sacrificed  in  a  terminal  condition  and  the  present  serial  sacri¬ 
fice  schedule  will  make  it  possible  to  expand  thsee  findings  with  respect  to 
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the  time  of  onsets  rate  of  progression  of  the  changes,  and  the  patterns  of 
response  of  the  different  organs  observed  previously  (5),  Since  large  numbers 
of  control  animals  have  been  employed  with  each  of  the  various  radiation 
groups,  important  survival  information  concerning  the  normal  life  span  of  the 
CP]l  female  mouse  will  be  obtained 8  Although  there  are  numerous  methods  of  ex- 
pressing  the  effects  of  chronic  irradiation  on  the  life  span  of  animals,  this 
report  and  the  interim  reports  to  date  contain  the  data  expressed  as  per  cent 
survival  on  a  weekly  basis  and  the  median  survival  time  of  the  groups  which 
have  exhibited  a  100$  mortality  as  well  aa  the  per  cent  life  span  shortening 
of  the  latter  groups ,  When  complete  mortality  data  are  available  for  the  ad<= 
ditional  low  level  chronic  fast  neutron  irradiation  groups,  a  more  detailed 
analysis  of  the  data  will  be  presented  as  well  as  the  histopathological  exami¬ 
nation  of  the  tissues  of  the  animals a 

Materials  and  Methods,  Adult,  female  Carworth  Farms  CF^  mice  ware  used 
for  these  studieso  The  animals  were  between  the  ages  of  12.  and  16  weeks  at  the 
beginning  of  the  exposure  period B  The  animals  in  the  3,18  rad/day  group  were 
nlaced  in  the  fast  neutron  facility  on  July  7,  1962  and  irradiation  exposures 
were  initiated  for  the  OJi?  and  0,36  ra  d/day  dose  groups  on  June  18,  1962a  Two 
additional  groups  of  animals  at  dose  rates  of  002U  and  0o13  rad/day  were  placed 
in  the  irradiation  facility  on  December  13,  1962,  In  order  to  obtain  a  dose 
rate  intermediate  between  the  highest  dose  group  and  the  four  lower  dose  groupB 
additional  position  shelves  were  placed  in  the  facility  to  provide  a  dose  rate 
of  0 ,99  rad/day  and  radiation  exposures  were  initiated  in  this  group  on  April  6, 
1963o  All  of  the  animals  are  housed  in  groups  of  eight  animals  per  cage  in 
standard  laboratory  thin-walled  plastic  cages  (6,5»  x  11°  x  5°5")  containing  a 
layer  of  crushed  clay  absorbed  They  are  provided  with  food  (Rockland  Labora¬ 
tory  Chow)  and  water  ad  libitum.  The  Irradiated  animals  are  housed  continuously 
in  the  fast  neutron  irradiation  facility  of  this  laboratory  and  the  control 
animals  are  kept  in  an  area  which  closely  aDnroximates  the  environmental  con¬ 
ditions  in  this  facility.  Since  the  animals  could  be  continually  housed  in  the 
fast  neutron  facility  and  irradiated  while  in  the  cages  in  wnich  they  live,  no 
disturbance  by  additional  handling  is  necessary  except  for  the  daily  mortality 
observations.  The  temperature  in  the  fast  neutron  irradiation  room  and  in  the 
control  room  is  thermostatically  controlled  to  80°  £  30  F, 

The  chronic  fast  neutron  irradiation  exposures  are  administered  by 
means  of  a  100  curie  plutonium-beryllium  source  having  an  average  energy  of 
ha$  MEV,  The  detailed  description  of  this  facility,  including  the  placement 
of  the  various  groups  of  mice  and  dosimetry  calculations  has  been  presented  in 
a  previous  report  (6),  The  daily  fast  neutron  exposures  are  administered  over 
a  9,7  hour  time  period  between  10:00  P,M,  and  8:00  A,M,  by  means  of  a  timing 
circuit  which  activates  the  source  hoisting  motor. 


Results 

Effect  of  chronic  fast  neutron  irradiation  on  the  life  span  of  CFt 
female  mice0  The  life  span  shortening  effect  of  chronic  fast  neutron  irradi- 
ation  is  at  present  being  investigated  in  six  groups  of  mice  placed  in  various 
positions  in  the  fast  neutron  facility.  Based  on  the  flux  calculations  the 
neutron  dose  for  the  various  groups  of  cages  in  the  median  plane  (vertical 
center  of  the  source)  are  approximately  as  follows: 
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The  survival  date  fee*  the  groups  receiving  3®l8s  00h7,  and  Oj.36 
rad/day  as  well  as  for  the  control  group  are  shown  in  Figure  1Q  The  gr°uP 
which  received  3®l8  rad/day  originally  consisted  of  one  hundred  animals  but 
nine  animals  were  removed  for  the  study  of  the  effect  of  fast  neutron  chronic 
irradiation  on  the  rate  of  hair  growth  and  the  survival  data  is  baaed  on  91 
animals 0  The  group  which  received  approximately  0«U7  rad/day  (Group  B)  c«a= 
sisted  of  192  animals 5  five  of  which  were  removed  for  hair  growth  studies  and 
the  survival  data  is  presented  on  the  basis  of  18?  animals®  Group  C  (0®36 
rad/day)  consisted  originally  of  128  animals  and  tha  data,  fear  this  group  are 
presented  for  122  animals 9  the  remaining  six  having  been  removed  for  the 
studies  previously  mentioned®  Group  D  (0®2lj  rad/day)  consisted  of  128  animals 
and  Group  E  (Q®13  rad/day)  consisted  of  6U  mice®  Group  F  (0®99  rad/day)  con¬ 
sisted  of  one  hundred  animals  at  the  initiation  of  this  experiment®  At  the 
present  time  the  life  span  shortening  in  the  three  latter  groups  (Ds  Es  and  F) 
is  insufficient  to  provide  any  index  of  the  effects  of  chronic  irradiation  on 
life  span  shortening  and  these  data  will  be  presented  in  a  later  reporto  The 
control  group  for  irradiation  groups  As  B3  and  C  consisted  originally  of  one 
hundred  animals  and  the  data  are  presented  for  92  animals9  the  remainder  having 
been  removed  for  tha  hair  growth  study® 


A  log  orobit  analysis  of  the  mortality  data  was  used  to  determine  the 
median  survival  time  of  Group  A  since  this  is  the  only  group  which  has  ex¬ 
hibited  sufficient  mortality  at  the  present  time  to  allow  this  type  of  analysis 
to  be  made®  Since  the  number  of  survivors  in  the  control  group  is  at  present 
too  great  to  allow  a  calculation  of  the  median  survival  birr* s  the  per  cent  life 
spai  shortening  for  Group  A  is  based  on  the  control  data  from  th8  previous  ex- 
parimant  (2)0  At  the  initiation  of  both  of  these  e3meriments9  the  mice  were  of 
the  same  age  range®  Far  purposes  of  comoarlson  the  results  of  the  log  prebit 
analysis  of  the  previous  two  groups  are  included  with  the  results  of  this  study 
and  are  shown  in  Table  10 


TABIE  1 


Effect  of  Chronic  Fast  Neutron  Irradiation 
on  the  life  St?an  of  CF-j_  Female  Mice 


Daily  Dose  of  Fast  Neutron 
Irradiation  (rad) 

Median  Survival 
Tims  in  Weeks 

Life  Span  Shortening 
(%  of  Control) 
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Figure  la  Effect  of  chronic  low  level  exposure  to  fast  noutroa 
irradiation  on  the  survival  of  CF^  female  mice. 
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The  probit  transformation  for  this  group  as  well  as  for  the  other 
two  groups  investigated  is  shown  in  Figure  20  As  can  be  seen  frees  these 
curves^  the  slopes  of  the  probit  analysis  curves  increase  as  the  radiation 
dose  increases  for  the  two  initif.il  groups  =  However 5  the  slope  far  that  of 
Group  A  (3ol8  rad/day)  is  very  nearly  parallel  to  that  of  the  group  re° 
ceiviag  I066  rad/day,  This  would  suggest  that  at  the  highest  dose  investi» 
gated j  the  processes  leading  to  death  are  initiated  earlier  and  accelerated 
at  about  the  same  rate  as  the  processes  at  a  dose  level  of  1,66  rad/day. 

When  additional  data  become  available  concerning  the  other  dose  groups  under 
investigation ,  it  will  be  possible  to  furthei'  determine  the  effect  of  dose 
rate  on  life  span  shortenings  The  histopathologic al  studies  will  also  serve 
as  an  index  in  determining  whether  or  not  the  causes  of  death  were  essentially 
the  same  in  the  control  animals  as  in  those  receiving  daily  neutron  exnosureo 


Discussion 


Since  the  preliminary  s indies  in  this  laboratory  indicated  that  the 
present  neutron  irradiation  facility  is  adeauate  to  produce  a  range  of  life 
span  shortening  of  about.  0,i  to  $0$  by  varying  the  distance  of  the  animals 
from  the  source  or  by  increasing  or  decreasing  the  period  of  exposure  time, 
the  present  program  consisting  of  various  dose  groups  was  initiated  and  has 
been  in  progress  for  5U  weeks-. 

It  has  been  well  established  that  the  1D[Jq  for  animals  receiving 
chronic  irradiation  is  much  greater  than  that  for  a  single  whole  body  exposure 
but  the  actual  amount  of  life  span  shortening  which  can  be  predicted  from 
various  chronic  Irradiation  exoosures  needs  to  be  further  investigated,)  bince 
the  dC3e  rates  used  in  this  experiment  are  of  a  very  low  nature,,  it  is  antici^ 
pated  that  these  data  will  be  useful  in  determining  suoh  effect3o  In  a  review 
of  the  effects  of  chronic  irradiation  on  the  shortening  of  life  span  by  ohronic 
gamma  and  fast  neutron  irradiation.  Mole  (7)  has  presented  a  compilation  of 
data  from  several  investigators  aid  has  stressed  the  importance  of  the  study 
of  chronic  irradiation  at  lew  dose  levels  as  well  a3  the  type  of  mathematical 
analysis  applied  to  these  dose  levels  in  an  effort  to  determine  whether  or  not 
a  threshold  phenomena  exists o  Since  our  present  neutron  facility  permits  the 
study  of  these  low  dose  levels,  the  survival  data  from  this  program  should  aid 
in  the  interpretation  of  possible  life  span  shortening  in  thee©  ranges,. 

VJhen  the  present  study  ic  completed,  we  will  have  complete  life  spaa 
shortening  information  on  eight  dose-rate  groups  at  which  time  it  will  be 
possible  to  attempt  a  mathematical  formulation  of  tbs  effects  of  chronic  fast 
neutron  irradiation „  Melville  et  aU  (8)  have  mathematically  determined  the 
residual  damage  in  animals  which  have  received  fractionated  radiation  doses 
and  since  the  chronic  radiation  situation  is  in  reality  an  extension  of  the 
fractionated  exposure  program,  it  is  planned  to  attempt  to  mathematically 
determine  eemo  index  of  residual  damage  and  tho  recovery  which  occurs  during 
the  ohronic  irradiation  situation.  It  is  anticipated  that  the  hiatopathologi- 
cal  examination  of  the  tissues  of  the  animals  receiving  th3  ohronic  irradiation 
exposures  will  give  seme  indication  of  tho  nature  of  the  balance  between  cellu¬ 
lar  depletion  or  damage  and  ‘the  replacement  of  repair  processes,  A3  has  been 
pointed  out  by  Mole  (9)  an  additional  factor  involved  in  chronic  irradiation. 
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Figure  2*  Probit  transformation  of  survival  data  of  GF^  female  mice 
exposed  to  chronic  fast  neutron  irradiations 
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is  that  certain  specified  indices  of  damage  show  that  adaptation  to  chronic 
irradiation  occurs. 

Our  studies  havs  been  designed  so  that  the  time  of  exposure  for  both 
the  ehronio  gamma  and  chronic  neutron  irradiation  exposures  remains  constant 
eliminating  the  possible  effects  of  the  ratio  of  radiation  time  to  radiation- 
free  tisiOo  In  studies  in  which  irradiation  was  extended  fro®  a  period  of  IS 
to  2k  hours  with  fission  neutron  and  Go60  gamma  irradiat  '.on,  Vogel  et  al,  (10) 
have  demonstrated  that  the  dose  rate  is  important  in  connection  witli  gamma 
irradiation  but  that  the  LD£o(30)  of  fission  neutrons  is  independent  of  dose 
ratec 


The  present  fast  neutron  plutonium-beryllium  source  has  made  it  un- 
necessary  to  adjust  the  cage  positions  to  correct  for  the  decay  of  the  source 
and  the  fact  that  the  present  source  is  an  in-line  source  permits  the  use  of 
large  exposure  groups. 

Although  the  two  lower  dose  levels  presented  in  this  report  have  not 
as  yet  exhibited  a  life  span  shortening  of  50$,  it  is  of  interest  to  note  that 
those  in  the  higher  of  these  two  groups  aonear  to  have  an  earlier  onset  of 
deaths  but  as  the  survival  accroaches  the  difference  between  the  two  groups 
becomes  leas  marked,  The  control  group  for  this  experiment  has  not  as  yet 
reached  a  level  of  5>0 f3  mortality  so  that  the  per  cent  life  span  shortening  of 
the  high  level  group  (3,18  rad/day)  of  chronic  fast  neutron  irradiation  cannot 
be  determined.  However,  since  large  numbers  of  control  animals  have  been  main¬ 
tained  far  the  other  chronic  irradiation  studies,  an  estimate  of  the  life  span 
shortening  can  be  determined  and  on  the  basis  of  this  comparison  it  is  39,65*, 
When  further  data  concerning  the  effects  of  the  lower  levels  of  fast  neutron 
irradiation  on  the  survival  of  these  groups  becomes  available  it  will  be  possi¬ 
ble  to  determine  more  precisely  whether  the  life  span  shortening  as  a  function 
of  the  log  of  the  daily  dose  is  a  linear  or  curvilinear  response 0 

In  review  of  the  effects  of  ionizing  radiation  and  aging,  Upton  (11) 
has  compiled  data  from  several  investigators  concerning  the  relationship  be¬ 
tween  life  span  shortening  and  the  log  of  the  daily  dose  rate0  The  data  for 
the  dose  groups  presented  in  this  report  agree  with  those  of  these  investi¬ 
gator,' So 


The  final  analysis  of  the  data  on  all  dose  groups  involved  in  the 
present  study  will  make  it  possible  to  determine  tho  REE  of  fast  neutron  to 
ehronio  ganna  irradiation 0  The  dosimetry  calculations  have  been  discussed  in 
detail  in  a  previous  report  and  the  complete  dose  measurements  will  be  pre¬ 
sented  in  a  subsequent  report  vfhen  it  has  bean  possible  to  determine  tho 
ganraa  contaminant.  The  complete  survival  data  will  be  presented  when  thia 
information  beaoraes  available.  This  information  both  in  regard  to  life  span 
shortening  effects  of  chronic  irradiation  and  histopathologioal  exndnatlon 
will  be  used  to  extend  the  findings  of  previous  studies  in  this  laboratory 
and  in  other  laboratories. 
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Susanary 

lo  Mortality  data  obtained  during  the  first  5il  weeks  of  a  duration  of  life 
chronic  fast  neutron  irradiation  study  are  presented  and  compared  with 
previous  studies  in  this  laboratory® 

2a  The  median  survival  time  of  the  mice  exposed  to  3®l8  rad/day  was  32  weeks 
and  a  life  span  shortening  of  3 9o6ft  was  calculated  on  the  basis  of  sur° 
vival  data  for  CF^  female  mice  from  a  previous  study. 

3o  The  slope  of  the  log  probit  curve  for  those  mice  which  received  3*18 

rad/day  is  approximately  the  same  as  that  for  the  group  of  mice  that  re=» 
ceived  1.66  rad/day  indicating  that#  at  this  dose#  the  processes  leading 
to  death  are  initiated  earlier  but  may  proceed  at  approximately  the  same 
rate  as  those  in  groups  which  received  1.66  rad/day® 
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THE  INFLUENCE  OF  EXPOSURE  TO  LOW  LEV? -IS  OF  GAMMA  CE  FAST 
NEUTRON  IRRADIATION  CM  THE  LIFE  SPAN  OF  ANIMALS 


Ho  Studies  on  the  Toxicity  of  Rare  Barth  Compounds 
"ImcT  Tbeir  TnTluence  on  Radiation  Lethality  ” 

David  Wo  Bruce  said  Kenneth  P«  DuBois 


This  report  concerns I  Studies  on  the  acute  intravenous  toxicity  of 
praseodymium  «IWa^S~wE5n  aclkinistered  alone  or  in  combination  with  whole 
body  s«*irradiation0 

Imediate  or  ultimate  application  of  the  results s  Because  of  an  in® 
crease  in  their  industrial  utilisation,  more  information  is  needed  on  the 
toxicity  of  the  rare  earth  ntsfcsls-  Equally  important  is  the  problem  of  de® 
termining  -the  effect  of  simultaneous  exposure  to  ionizing  radiations  and  rare 
earth  compounds  that  could  result  from  a  nuclear  reactor  accident  or  atoa&c 
detonation o  The  present  investigation  is  a  continuation  of  studies  to  obtain 
information  on  the  potential  hazards  associated  with  the  rare  earth  compounds 
alone  and  in  combination  with  ionizing  radiatlouso 

*  *•  •!:•  *  p  «  p 

Previous  studies  in  this  laboratory  (1*2)  have  shown  that  various 
rare  earth  nitrates  given  orally  to  rats  are  only  slightly  toxic  and  moderate® 
ly  toxic  when  given  by  the  intrapsritoneal  route0  Upon  intravenous  injection 
as  the  nitrate  salts  the  light  lanthanons  ( cerium*  praseodymium,  neodymium* 
and  samarium)  were  found  to  be  highly  toxic  to  rats  and  exhibited  a  sex  differ¬ 
ence  in  that  they  wore  7  to  10  times  more  -toxic  to  female  rats  (3)  than  to 
male So  In  this  regard,  the  possibility  of  a  sex  difference  was  suggested  by 
the  studies  of  Snyder  ot  ala  (it)  which  oherod  that  3aJ>  mgBu/kgiOo  of  cerium 
salt  produced  a  two-fold  increase  in  liver  lipids  in  female  and  castrated  male 
rats  but  no  significant  change  in  the  lipid  content  of  intact  raaleso  Snyder 
and  Stephana  (5)  found  that  Intravenous  cerium  chloride  also  caused  a  decrease 
in  serum  glucose  of  female  rats  followed  by  an  increase  in  plasma  free  fatty 
acids  suggesting  that  the  first  offeot  cf  cerium  chloride  W3s  on  carbohydrate 
metabolism,,  Studies  in  this  laboratory  (6)  have  demonstrated  that  intravenous 
administration  of  2  mgmu/lcgm~  or  i*  mgn2,/kgm*  of  praseodymium  as  the  nitrate 
salt  resulted  in  a  proportional  decrease  with  respect  to  time  in  the  blood 
glucose  of  female  rats  during  the  12=  to  72~hour  period  following  adminis¬ 
tration  0  At  any  given  time  during  thie  period,  the  per  cent  decrease  in 
blood  glucose  from  control  values  after  b  isgm./kgm»  was  twice  that  seen  after 
the  administration  of  2  mgn./tcgn,  By  administration  of  testosterone  propionate 
(5  mga,/kgm,)  daily  for  a  period  of  thirty  days  prior  to  2  agm0/kgm3  of  praseo¬ 
dymium  or  by  placing  female  rats  on  a  high  carbohydrate  diet  by  giving  so¬ 
lutions  containing  glucose  or  sucrose,  mortalities  could  be  decreased  and  the 
decrease  normally  seen  in  blcod  glucose  could  be  medifed  or  prevented  (7)^ 


75 


Studies  by  Melville  and  Eiesa  (8)  and  studies  in  this  laboratory 
have  also  demonstrated  an  increase  in  mortality  of  rats  receiving  the  rare 
earth  salts  intraperitoneaHy  in  combination  with  whole  body  radiationo 
When  8Ublethal  doses  of  the  rare  earth  nitrates  were  given  with  500  r  of 
x-ray,  a  27$  to  82$  increase  in  mortality  was  observed  (9)0  A  3 U$  to  63$ 
increase  in  the  toxicity  of  intravenously  administered  praseodymium  nitrate 
(2  rcgm./kgm0)  was  observed  when  given  10  to  15  minutes  prior  to  dosea  of 
whole  body  ^irradiation  ranging  from  £0  r  to  500  j?  (6)0 

Materials  and  Methods a  Adult,  male  and  female  Spragua^Dawley  rata 
(200  to  276  giTT  were  used  for  these  experiments,,  The  animals  were  housed 
in  air=conditioned  quarters  and  given  water  and  Rockland  Rat  Diet  ad  libitum,, 
Aqueous  solutions  of  praseodymium  nitrate  (pH  3o5“5<>5)  in  isotonic  saline 
were  given  by  tail  vein;  control  animals  received  an  equivalent  volume  of 
saline  equal  to  0ol$  of  the  total  body  weight 0  A  colloidal  hydroxide  8U0“ 
pension  (pH  1 S)  of  praseodymium  nitrate  was  prepared  for  intravenous  in» 
jection  by  the  addition  of  sodium  carbonate  to  the  dissolved  nitrate  salt® 

Blood  glucose  (total  reducing  value)  was  determined  by  the  method  of 
Folin  and  Malmros  (10)  employing  the  micromodifications  of  Park  and  Johneon 
(11) o  Serial  samples  of  whole  blood  (0o05  mla  in  duplicate)  were  obtained  by 
sectioning  the  tail  under  local  anesthesias  Tissue  slice e  of  rat  liver  were 
prepared  using  a  Stadie-Riggs  microtome  (12)„  The  slices  were  suspended  in 
Krabs-Ringer=»phosphate  buffer  (pH  7oi|)o  The  endogenous  respiration  was 
measured  man  (metrically  at  33°  C«  in  an  atmosphere  of  pure  oxygen  following 
a  lCMninute  equilibration  periods,  The  QC>2  values  were  calculated  from  the 
dry  weight  of  the  tissue  slices  which  were  dried  to  constant  weight  at 
105°  Go 


X^irradiation  wa3  administered  as  a  single,  total-body  exposure  with 
a  Go  E„  Maximar  therapy  unite  The  radiation  factors  were  as  follows!  2J>0  KVP, 
15  mae,  0,25  mm0  Cu  and  1  mm0  A1  added  filtration „  The  target  animal  distance 
was  75  om0  and  the  dose  rate  wa3  35  r  to  37  r /minute  as  measured  in  air  with  a 
Victareen  ionization  chamber o 

The  nitrate  compound  used  in  this  study  was  obtained  from  lindsay 
Chemical  Company,  WeEt  Chicago*,  Illinois  0 


Results 


Effect  of  intravenous  prasaodyraiiaa  nitrate  on  mortality  and  blood  glu¬ 
cose  of  Intact  and  castrated  adult'  male  raise,  Because  of  the  oex  difference 
noted  in  th8  intravenous  toxicity  of  the  light  lanthancms  and  the  suggested 
hormonal  involvement,  it  was  of  interest  to  see  what  effect  castration  of  male 
rats  would  have  on  the  toxicity  of  praseodymium,,  Male  rats  50  days  old  were 
caatrated  using  pentobarbital  sodium  as  the  anesthetic  agent „  Fifteen  days 
after  castration  groups  each  containing  ten  animals  were  injected  with  U,  8, 
and  12  mgra./kga®  of  praseodymium  as  the  nitrate  salt  and  observed  for  a  period 
of  30  daya0 

The  results  presented  in  Table  1  show  that  It  ragmo/kgmo  and  8  ragm„/kgm0 
caused  mortality  of  itO$  and  50$  of  the  rats,  respectively,  while  12  mgm./kgTa0 
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resulted  in  only  a  2%  mortality,-  In  previous  studies  conducted  to  determine 
the  approximate  LO^q  value  for  praseodymium  in  normal  miJ.es  *,  doses  of  6  mgai®/ 
kgm*  and  12  ragnu/kgriu  Her©  lethal  to  only  20%  of  the  animals  when  given  as  the 
nitrate  salto  The  results  suggest  that  the  hormonal  factors  alone  may  not  be 
the  explanation  for  the  increased  tccdLeity  observed  in  castrated  male  rats0 
In  addition  to  further  mortality  studies  in  progress  to  clarify  the  above  re™ 
suits s  experiments  ware  conducted  to  ascertain  whether  8  ragnioAgmo  of  intra» 
venously  administered  praseodymium  had  any  effect  on  the  blood  glucose  of 
castrated  and  normal  male  rats0  Prior  studies  have  shown  that  in  contrast  to 
the  marked  decrease  in  blood  glucose  of  female  rats  caused  by  2  mgnb/kgmo  of 
praseodymium,  neither  2  regm-./kgsio  of  praseodymium  metal  nor  equi toxic  doaes 
of  20  or  30  a^a»/kgm0  produced  appreciable  changes  in  the  blood  glucose  of 
male  rates 


TABLE  1 

Acute  Intravenous  Toxicity  of  Praseodymium 
Nitrate  to  Castrated  Male  Bets 


Doss 

(ffiguio/kgroo  Metal) 

pH 

Solution 

Mortality3 

%  Mortality 

h 

5*35 

is/10 

ItO 

8 

5=20 

5/io 

5o 

12 

5=io 

2/10 

20 

Mortality  data  based  upon  30=dsy  observation  periods 


Figure  X  shows  the  effect  of  8  mgin0/kgra0  of  praseodymium  oq  the  blood 
glucose  of  normal  and  castrated  male  rats0  The  values  are  plotted  as  per  cent 
of  the  control  blood  glucose  values,-  Each  animal  served  as  its  cam  control  end 
each  point  on  the  curve  represents  the  average  value  obtained  for  groups  each 
containing  four  to  eight  animals „  The  control  values  in  each  animal  ware  ob™ 
tained  2li  hours  prior  to  praseodymium  administration  and  serial  samples  were 
also  obtained  for  control  animals  at  each  2U»hour  period o 

In  contrast  to  results  previously  obtained  with  other  doses  of  this 
compounds  a  marked  decrease  in  blood  glucose  in  both  intact  and  castrated 
males  was  found „  An  average  decrease  from  control  values  of  ly%  and  23%  at 
2*4  hours,  3h%  and  32$  at  h8  hours,  end  hl'%  and  31%  at  72  hours  was  found  fer 
intact  end  castrated  males  respectively,. 

In  these  otudiss  the  majority  of  animals  died  during  the  first  six 
dajis  post®inj action  as  previously  found  in  other  intravenous  toxicity  studies 
with  tfao  light  lan then on a - 
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Figure  10  Effect  of  intravenously  adrdnis~ 
terod  praseodymium  on  the  blood  glucoso  of  castrated 
and  intact  adult  male  rate? 
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Effect  of  who'.le°bcdy  x-irradlatlan  on  the  toxicity  of  Intravenous 
praseodymium  nitrate ,  2n  conjunction  with  "th© '  BtnSies’with  castoSFe3"fa^"H , 
pFefilijinaM'  studies  wore  conducted  to  observe  the  effects  of  administration 
of  8  Hgm»Agm0  of  praseodymium  as  the  nitrate  salt  15  days  after  a  single 
dose  of  400  r  of  total  body  x-irradiailoRo  X«*irradiatlc©  was  administered 
to  a  group  containing  ten  50-day  old  male  rates  Ten  days  after  injection 
this  dose  of  rare  earth  nitrate  was  found  to  be  lethal  to  90-/,  of  the  rats. 
Further  studies  are  being  conducted o 

Effect  of  varying  the  pH  of  intravenously  administered  praseodymium 
on  the  endogenous  respiration  6^"nver~sHc‘e3m^c5^l;er^leTaliX!K;eHm?B  ~ 
studies  (3.37  have  indicated  "that  "measurement  oFTThe  endogenous  respiration 
of  liver  slices  fresn  female  rata  is  an  adequate  means  of  determining  the 
toxicity  of  intravenous  praseodymium,  Since  the  pH  of  the  intravenously  in- 
jeeted  solution  may  be  a  factor  in  the: toxicity  of  the  compound,  solutions 
off  praseodymium  nitrate  (2  mgnu/kgm,  of  metal)  at  pH  3o5  and  5o5  and  a 
colloidal  suspension  at  pH  7,5  were  given  to  groups  of  rata  each  containing 
four  animals 0  Control  animals  received  an  equivalent  amount  of  isotonic 
saline,  Fcrty-aight  hours  aft ex*  injection,  the  animals  were  sacrificad  and 
the  endogenous  respiration  of  liver  slices  determined „  As  shown  in  Table  2, 
the  average  QOg  values  obtained  on  liver  sliceB  from  rats  receiving  solutions 
at  pH  3o5  and  pH  5,5  were  5*3  or  51$  of  the  control  value.  The  average  QOo 
value  for  liver  slices  frcsa  rats  receiving  the  colloidal  suspension  was  10,7 
and  not  significantly  different  from  the  average  control  value.  The  results 
suggest  that  it  is  the  ionised  salt  and  not  the  colloidal  suspension  that 
produces  the  toxic  effects  seen  in  female  rats. 


TABLE  2 

Effect  of  pH  of  Intravenous  Praseodymium  on  tho 
Endogenous  Respiration  of  Liver  Slices 
from  Female  Rats 


pH 

Injected 

Praseodymium 


QOg  Values  %  of  Control 

ij8  Hours 'Post-Injectien  Activity 


Saline  controls 

10o3 

(9oO=10o9) 

»uooo 

3o5 

5*3 

(Uo2“6o8) 

5l*U 

$o3 

(U„8~6o0) 

5loU 

1-S 

10,7 

(10,2-11,1) 

lObaO 

19 


Biasusslen 

Studies  on  the  acute  toxicity  of  intravenous  praseodymium  nitrate 
in  intact  male  and  female  and  castrated  male  rats  may  indicate  that  the 
toxic  actions  of  praseodymium  result  from  more  than  one  mechanism  of  action 0 
Cur  results  suggest  that  the  physical^chemioal  state  of  the  intravenously 
injected  solution  is  an  important  factors  Although  there  is  a  similarity  in 
the  distribution  of  the  eolloidal  and  ionic  forms  of  the  light  lanthanons 
(Hi),  the  toxic  action  of  the  two  forms  may  he  different®  In  vivo  studies 
by  Aeberhardt  (1$)  with  tracer  doses  of  ionic  cerium-lM  demonstrated  that 
9%  to  9%  of  the  ionic  fora  was  bound  to  the  gamma  globulins  and  beta-2 
globulins  of  the  plasma  proteins  in  rata,  guinea  pigs,  and  rabbits ®  The 
remainder  was  fixed  to  the  white  cells «  He  found  that  this  binding  was 
accomplished  before  the  buffering  action  of  the  blood  could  form  colloidal, 
aggregates o  Intravenously  administered  colloidal  cerium-lUU  waa  found  to 
remain  unbound  in  the  blood®  Sine©  tha  light  lanthanons  accumulate  to  the 
greatest  extent  in  the  liver  (15),  the  results  suggest  that  one  toxic  mocha» 
niaa  of  action  is  dependent  upon  the  amount  of  light  lanthianon  that  is  trans¬ 
ported  to  the  ?Liver  bound  to  the  plasma  proteins® 


Summary 

1®  Intravenous  administration  of  mgm®/kEm0,  8  mgnio/kgm®,  and  12  mgm0AEm° 
of  praseodymium  as  the  nitrate  salt  resulted  in  mortality  of  U0$,  5 >0$ 
and  2 0$  respectively  of  adult  castrated  rats  that  were  injected  15  days 
after  castration  and  observed  for  a  period  of  30  days® 

20  The  intravenous  administration  of  8  mgm®/kgm0  of  praseodymium  as  the 
nitrate  salt  caused  a  decrease  in  blood  glucose  in  both  intact  and 
castrated  mala  rats®  The  average  per  cent  decrease  from  control  values 
was  13$  and  ?3 %  at  2h  hours,  3l$  and  31$  at  U8  hours,  and  Ul$  and  31$  at 
72  hours  for  intact  and  castrated  males  respectively® 

3o  Tha  administration  of  2  mgra«/kgm®  of  praseodymium  at  pH  3o5  and  pH  5»5 
resulted  in  a  51$  decrease  in  the  endogenous  respiration  of  liver  slices 
from  female  rats  l|8  hours  after  administration®  When  2  ragm®/kgm®  of 
praseodymium  was  given  as  a  colloidal  suspension  at  pH  7»5  the  QOg  values 
obtained  did  not  differ  significantly  from  control  values0 
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THE  INFLUENCE  OF  EXPOSURE  TO  LOW  IEVELS  CF  GAMMA  AND  FAST 
NEUTRON  IRRADIATION  ON  THE  LIFE  SPAN  OF  ANIMALS 

m»  Radiation  Pathology  of  Chemically  Protected  Mice  Serially 
HSacrffHced  FollowingHE^l^n  oiTx^rradiation 

Do  VesBelinoyitch,  F,  Fitch,  Jo  Meskau3kas,  Do  Q0  Oldfield, 

7,  Plz&k  and  Jo  Doull 


This  report  concerns}  The  type  and  extent  of  gross  and  microscopic 
changes  TiPthe  tissue5’*of~cF1  male  mice  given  2»mercaptoethylamine  (MEA)  prior 
to  whole-body  irradiation  with  UiO  Mev  protons  or  2^0  Kvp  x-rays  and  sacrificed 
daily  from  l/2  through  1E>  days  , 

Ineaedlate  or  ultimate  application  of  th9  results i  Information  is 
needed  concerning  the  relative  biological  effectiveness  " of  high-energy  protons 
in  mammalian  systems  and  the  ability  of  various  environmental  factors  to  modify 
the  Injury  produced  by  this  type  of  radiation  exposure D  The  studies  described 
in  this  report  constitute  part  of  a  program  designed  to  prowS.de  information,  on 
the  biological  effects  of  high-energy  proton  irradiations  protection  againBt 
these  effects  by  means  of  chemical  radioprotective  agents,  and  a  comparison 
with  results  obtained  using  radiations  having  other  LET  values  (10  to  $0  Mev 
electrons,  relativistic  neutrons 5  lower  energy  protons,  etc,).,  In  addition  to 
the  practical  values  of  such  studies,  they  are  also  of  theoretical  interest 
with  regard  to  the  relationship  of  1ST  to  radiation  injury  and  to  the  mechanism 
of  action  of  the  chemical  radioprotective  agentso 
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In  a  previous  report  (1)  we  have  described  the  terminal  gross  and  micro¬ 
scopic  pathology  in  mice  which  died  as  a  result  of  exposure  to  proton  or  x-irradl- 
atioa  and  the  influence  of  pretreatment  with  chemical  radioprotective  agents  on 
these  effects o  The  present  study  was  undertaken  to  investigate  whether  signifi¬ 
cant  differences  exist  in  the  nature  or  time-course  of  radiation-induced  injury 
and  recovery  processes  in  proton-irradiated  aa  compared  with  x-irradlated  mioco 
It  was  also  of  interest  to  determine  whether  these  processes  would  exhibit 
different  temporal  patterns  when  the  irradiation  was  preceded  by  treatment  with 
a  protective  substance?  Because  of  its  importance  as  a  protective  agent,  and 
to  facilitate  comparison  with  the  proton  and  x-ray  protection  studies  already 
available  in  this  laboratory^  MEA  was  selected  aa  the  protective  agent  far 
these  studies,  The  radiation  doses  were  chosen  to  lie  in  the  neighborhood  of 
the  ID50/30  for  each  of  the  two  types  of  radiation.  Thus  the  basis  for  compari¬ 
son  of  the  unprotected  proton  with  the  unprotected  x-ray  groups  of  mice  is  the 
aoui likelihood  of  survival  te  30  dayB  for  the  two  groups 0 

Materials  and  Methods,  Male  0?^  mice  war®  used  for  this  study.  The 
mica  were  1?  to  Id  weeks  old  at  the  time  of  irradiation,  Tb3  animals  ware  se¬ 
lected  from  several  shipments,  randomized,  and  assigned  to  various  protected, 
unprotected  and  control  groups,  A  detailed  description  of  the  physical  and 
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biologies!  methods  used  in  the  irradiation  of  the  animals  has  been  presented 
in  a  previous  report  (2) 0  'fable  1  presents  the  experimental  design  shewing  the 
time  of  serial  sacrifices  the  various  does  groups  and  the  number  of  animals 
examined  in  each  group.  In  addition  to  the  tabular  listings  five  unirradiated, 
untreated  animals  were  taken  as  controls?  Only  living  mie©  were  taken  for 
examination  of  the  tissues  and  these  animals  ware  sacrificed  under  ether  anes¬ 
thesia?  The  following  tissues  were  routinely  taken  for  histological  exaraini- 
nations  liver,  kidney,  spleen,  heart,  lung  a,  thymus,  tastes,  lymph  nodes 
(mediastinal  and  mesenteric),  duodenum,  pancreas,  and  sternum.  The  tissues 
were  fixed  in  neutral  buffered  formalin,  embedded  in  paraffin,  and  stained 
routinely  with  hematoxylin  and  eosin?  Most  of  the  sections  of  the  spleen  and 
sana  of  the  bone  marrow  sections  were  stained  with  Azure-Eosinate.  Spleen  ink- 
prints  were  made  from  all.  animals  examined  and  stained  with  Wi'ight-Giemsa  stain, 
A  few  sections  of  the  liver  were  stained  with  Tzdchrcme-Gcmiari  Aldehyde  Fuchsino 
In  the  case  of  spleen,  the  wat  weight  was  obtained  immediately  upon  sacrifice 
and  prior  to  any  histological  processing - 


Results 

Gross  pathological  findings?  Table  2  presents  a  summary  of  the  major 
gross  pathological  findings"  in  px’c^on-irr adinted  mice.  The  most  frequent  patho¬ 
logical  finding  at  postmortem  examination  via  hemorrhage  in  the  fora  of  patechiae 
or  oachymosia  involving  areas  of  various  sine  in  the  affected  organs*  The  organs 
so  involved  were  brain,  liver,  and  subcutaneous  tissues  in  the  abdominal  region. 
Another  interesting  finding  was  appeamiu©  of  pin-point  nodules  scattered  pre¬ 
dominantly  through  the  red  pulp  of  the  spleen ,  Slightly  enlarged  mesenteric 
lymph  codes  were  observed  in  one  protcn-ilmdiated  mouse  and  in  a  f8w  animals 
protreated  with  MEA,  There  was  a  soft  d-one  in  the  urinary  bladders  of  a  few 
ndca  given  protons  with  and  without  MBA  treatment?  Patchy  pnaumonic  ocnaoli- 
datloo  of  the  lungs  was  seen  in  a  few  experimental  nri.cs  regardless  of  the  treat¬ 
ment  given * 

In  general,  no  distinctive  tempo ; al  pattern  of  progression  or  retro¬ 
gression  of  these  lesions  emerged  from  the  gross,  qualitative,  pathologic  study 
of  proton-irradiated  animals?  A  sifflilaf  -  result  was  obtained  for  the  x-irrcdiated 
mice  and  will,  not  bs  repeated  hare  in  d:  tails 

Data  oa  Bplean  weights  found  a;  autopay  are  given  in  Table  3  and  are 
plotted  in  Figures  1  to  it*  From  those-  data  it  can  be  seen  that  the  pattern  of 
spleen  weight  change  after  irradiation  is  similar  in  all  irradiated  groupao 
The  weight  decreases  to  a  minimum  during  th3  first  72  lioura  after  irradiation 
and  remains  at  this  minimum  during  t  o  next  72  hours?  Recovery  from  the  weight 
less  begins  on  the  sixth  to  seventh  l?y?  Tasre  is  seme  indication  from  the 
curves  that  in  both  the  proton  and  x-ray  groups,  the  spleen  weight  minimum  ob¬ 
served  during  the  second  72  hours  is  lore  severe,  i?e<»,  the  weight  io  lower  in 
unprotected  than  in  protected  groups , 

Microscopic  findings >  Tha  u,i jer  hiatopathological  findings  in  the 
tissues  of  SiTmals  examineoin  the so  etudes  are  summarized  in  Tables  U  and  $? 

The  major  findings  were  seen  in  the  spice t,  thymus,  lymph  nodes,  bene  marrow, 
testis,  liver,  and  brain 
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TABLE  1 

)  Humber  of  Animals  Examined  at  Each  Assay  Point 


Tine  of 
Sacrifice 
(days) 

Radiation  Dose  and  Pro-irradiation  Treatment 

l/#  Body  Weight  H-0 

_  _  _ 

I  225  mgMa/kgmo  HEA 

70?  rads  Proton 

580  rads  X-ray 

r - - - - 

707  rads  Proton 

i - - 

j  580  rads  X-r^r 

1/2 

6 

e  o  9 

3 

O  •  0 

1 

6 

h 

3 

h 

2 

6 

k 

3 

h 

3 

6 

h 

3 

k 

U 

6 

h 

3 

h 

5 

6 

h 

3 

h 

6 

6 

h 

3 

3 

7 

6 

h 

3 

3 

8 

6 

h 

3 

3 

9 

6 

3 

10 

h 

3 

11 

k 

3 

12 

h 

3 

13 

h 

3 

m 

k 

3 

15 

3 

3 
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TABLE  3 


Spleen  Weight  as  a  Function  of  Tine  of  Sacrifice 
in  the  Irradiated  Groups 


t.  Days 

Post-irradiation 

707  rads  U*0  Mev  Protons 

580  rads  250  Kvp  X-raya 

h2o 

MBA 

H2O 

MEA 

m  (mgm0) 

+  , 

®  s 

m  (mgm0) 

<> 

°  8 

m  (mgBtj)  *  x 

m  («g«o)-  =  a 

1/2 

.  + 

59  - 

1* 

1*9  * 

9 

&0  eow*o.y' 

00000000 

, 

1 

67 

3 

67 

1* 

67  -  U 

69-3 

2 

ii 1* 

5 

53 

9 

59  7 

86  20 

3 

U 

3 

6o 

1* 

1*6  5 

66  5 

1* 

h3 

7 

1*7 

10 

51  5 

64  2 

5 

58 

9 

57 

10 

52  7 

50  11 

6 

la 

7 

102 

10 

26  2 

1*9  I* 

7 

51* 

3 

61 

7 

15  2 

55  1* 

8 

39 

5 

62 

10 

79  35 

76  15 

9 

68 

11* 

103 

31 

10 

80 

16 

61* 

13 

11 

71* 

11* 

113 

35 

12 

109 

1* 

63 

30 

13 

70 

16 

65 

5 

Ik 

80 

11 

80 

5 

15 

11*7 

53 

100 

9 

m  »  Mean  weight  of  spleen 
s  *  Sample  standard  deviation  of  meant, 
t  ■  time  of  sacrifice 

Controls!  m  «=  101  >  16  BgSo 
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(°2®)  noaxctg 


88 


(cS.it)  $,tTSf©;.\  teoydg 


120 


8 

H 


O 

CO 


o 

vO 


o 

w 


(3*)  qxjgfeM  oaaxdg 
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TABES  h 


Frequency  and  Severity  of  Major  Histopathologic  Findings  in 
Froton='Irradiated  Mice 


mi— 9  *1.  ■  i  rtJt,  MtMiaaClMilMUWmSMXMMMlMiMta DMMMtm MUD 


Major  Histopathologic 

Treatment 

Tima  of  Serial  Sacrifice 

Findings 

» 

1/2 

J 

1 

2 

3 

u 

5 

Spleen 

wfc— — tmim 

None 

1 

Atrophy  of  lymphoid 

tissue 

h2o 

6/6 

bpbjC 

6/6 

c&e9c 

c-aCfld 

6/6 

C  fpCj^  0 

Q<)dj)d 

6/6 

dpdpd. 

6/6 
b,c,c 
c  jdpd 

6/6 

b„c,c 

csdjd 

MEA 

3/3 

b,bj>c 

3/3 

3/3 

bjpCyC 

3/3 

b9b,>c 

3/3 

b,b,e 

3/3 

b,b,c 

Hone 

Congestion 

S/6 

bab 

6/6 

bsbsb 

6/6 

a^b^o 

5/6 

asa5a  | 
a5b 

6/6 

a^a^a 

a,b^b 

6/6 

a, b3b 

b, b:)c 

MEA 

2/3 

afla 

2/3 
a  -,b 

3/3 

a»bi»e 

V3 

a,a,b 

3/3 

a,a,b 

. 

3/3 

asbPb 

Hone 

!■ 

6/6  j  6/6 

,  apCtjsGl 

a^b3b  ■  aaa5o 

»  J' 

! 

Presence  of 
megakaryocytes 

|  ¥ 

|  6/6 

» 

r  Q?bsC 

6/6 

a.,asa 

bjbsb 

6/6 

1  a,asb 

1  b^bpb 

6/6 

a»bjib 
j  bfbjb 

MSA 

3/3 

a,bj>b 

,  3/3 
a5c,c 

:  3/3 

8|  8|]) 

1  3/3 
b,bpo 

3/3 

a,a,a 

3/3 

a^ajb 

Hone 

f 

; 

Presence  of  poly- 

morphcnuclear 

leukocytea 

;  6/6 

1  b,b,b 
!  cpd,d 

6/6 
i  a,b,o 
i  c,c5c 

j  6/6 

j  a,a,e 
i  a^a^a 

i 

U/6 

a 

|  2/6 
|  &||8 

f 

v* 

i  a 

i 

MEA 

i  3/3 
|  M,d 

3/3 

fc,b,b 

i  3/3 

|  a#a,b 

2/3 

a, a 

0/3 

j  3/3 

j  »*■*,« 
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TABLE  k““Cc»tinued 


(Days  Post-irradiation) 


6 

a 

8 

9 

10 

11 

12 

13 

1L 

15 

■  ■ 

HR 

iif 

■ 

0/5 

6/6 

c, e,c 

d, d,d 

6/6 

c,c,e 

OpQpO 

6/6 

bpbpC 

o9Cpd 

LA 

bpb9b 

c 

LA 

CpCpO 

c 

L/L 

bpbgb 

b 

L/L 

b,bpb 

b 

L/L 

b,b,b 

b 

3/3 

b9bpb 

3/3 

b^b|b 

3/3 

bpbpd 

3/3 

b#bpb 

3/3 

bpb9c 

3/3 

b,c,c 

3/3 

c(d9d 

3/3 

bpbpb 

3/3 

C  ^0 

2/2 

b,c 

3/3 

b,b,b 

0/5 

6/6 

b,b,b 

b*bj,c 

6/6 

b,b,c 

6/6 

a9a,b 

bfbpb 

6/6 

a9a(a 

a,a,a 

3/a 

3A 

a,a,a 

L/L 

a9byb 

b 

3A 

2/L 

a,a 

3/3 

a9a«a 

3/3 

b,b,b 

3/3 

bpbpC 

3/3 

b,b,b 

3/3 

b,b,b 

3/3 

a9b9b 

3/3 

a,a,a 

3/3 

afb9b 

3/3 

atb9b 

2/2 

a,b 

3/3 

a9bpb 

5/5 

b9b(b 

bjO 

6/6 

»«»»* 

a,b,b 

6/6 

a,a,a 

bybyb 

3/6 

a,a,a 

3/6 

a,b,c 

L/L 

a,a»c 

d 

LA 

a,b,b 

c 

LA 

a,a,b 

0 

LA 

b,b9b 

b 

LA 

b|dsd 

d 

3/3 

a*c,c 

3/3 

b,b,b 

3/3 

ata9b 

3/3 

bpbyd 

3/3 

CpCpO 

3/3 

a,b,o 

3/3 

ofOpd 

3/3 

bpbpO 

3/3 

a#b9b 

2/2 

b,b 

3/3 

c(dpd 

HB 

■ 

1/6 

a 

1/6 

a 

0/6 

2/6 

a,a 

VL 

a 

2/L 

a,a 

3A 

a,  a,  a 

LA 

a,a,a 

a 

3A 

3/3 

a,ata 

m 

B 

3/3 
j  a»b>b 

3/3 

a*a,b 

3/3 

a,afb 

3/3 

&jb|b 

3/3 

a,a9a 

3/3 

a,a9a 

2/2 

a,e 

3/3 

a,b9b 

Major  Histopathologic 
Findings 


Spleen 


Recovery  of  granule^ 
cytic  elements 


Recovery  of  erythro~ 
blastio  ©lerasata 


Hemosiderosis 


Bone  marrow 


Hypooellularity 
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TABLE  ^“Continued 


Time  of  Serial  Sacrifice 


Treatment 

1/2 

1 

2 

3 

5 

Mona 

0/6 

2/6 

3/6 

h/6 

V6 

5/6 

S»<2  £i 

Hgfl.ja 

a9a 

a9b 

a,bpb 

a9a 

b9b 

bpC 

m 

0/3 

1/3 

b 

3/3 

&aQpb 

3/3 

bpOpC 

3/3 

a,a,b 

3/3 

bpC-,0 

Bon© 

1/6 

l/6 

3/6 

2/6 

3/6 

5/6 

HgO 

a 

a 

a9asa 

%£l 

bjOflG 

bpCpO 

c,c 

MBA 

0/3 

2/3 

3/3 

3/3 

3/3 

3/3 

flpb 

a9asa 

b,b,b 

a9b,b 

bpbsc 

Hone 

1  IT 

5/6 

6/6 

6/6 

6/6 

6/6 

6/6 

H?° 

a,a5a 

a9a 

a,  a.,  a 

aaajb 

afla#G 

a#a,a 

a9apa 

bjb9b 

b„bjb 

afia9b  j  babpb 

bpbpb 

MSA 

3/3 

3/3 

5/3 

3/3 

3/3 

3/3 

: 

1  »#a,a 

1  a9a,b 

a9at& 

I 

bpbpb 

Bone 

[ 

lt/6 

6/6 

|  6/6 

i  6/6 

6/6 

6/6 

HoO 

asa 

spb 

a9b,e 

!  CpC,C5 

b9oso 

j  bpCpC 

bjC5o 

c9c3c 

c^dpd 

'  dpd,d 

J  csdpd 

MEA 

1/3 

2/3 

2/3 

3/3 

t  2/3 

2/3 

1  a 

a9b 

C50 

bpbpC 

1  M 

1 _ 

a9a 
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TABLE  lt-=>Continued 


(Days  Post-irradi ation ) 


6 

|WW . pi  mi 

8 

9 

11 

| 

12 

13 

ia 

15 

2/6 

H9 

2/6 

a/6 

3A 

2/5  1 

a,a 

3A 

aA 

aA 

aA 

3/3 

«,a 

apa 

a9a,a 

a,bj,b 

aaa9b 

a,b,c  | 

b,b,c 

b,bso 

b,b»c 

3/3 

b 

2/3 

2/3 

a 

3/3 

3/3 

3/3 

b 

3/3 

c 

3/3 

c 

2/2 

3/3 

C,0,0 

a,c 

bjC 

a,b,c 

a,ajb 

b9bffd 

a,a,c 

aj&^b 

b:eo 

d»d*d 

a/6 

5/6 

5/6 

6/6 

aA 

2/5 

asa 

aA 

aA 

aA 

a/a 

3/3 

Ejjbjb 

a,b,b  | 

a,a,b 

c 

c  ,c 

c,c,d 

c,c,o 

b,bjC 

b;,bad 

b 

c»c 

c,c 

c,c*d 

d 

0 

d 

d 

0 

3/3 

3/3 

3/3 

3/3 

3/3 

3/3 

3/3 

3/3 

2/2 

3/3 

e,a,d 

c,c,d 

b,c,ct 

bpo»d 

bfc„d 

b,c,d 

a,b,o 

b,b 

a0o^o 

6/6 

6/6 

6/6 

6/6 

a/a 

a/5 

aA 

3A 

aA 

aA 

2/3 

b^bpb 

bpb^b 

a9  a^a 

a,b,b 

a,a,b 

&5E^b 

a*a  3a 

a  a  a»b 

a„a 

b,c*e 

3/3 

b,b,b 

3/3 

C,C,0 

3/3 

b*b$b 

3/3 

b 

3/3 

b 

3/3 

3/3 

a 

3/3 

b 

2/2 

3/3 

a,bfb 

_ 

a,a9b 

b,b,b 

bjbjb 

a,b,b 

3^b|b 

a,bpb 

s»b9b 

.  a»a 

a,a,a 

6/6  j 

6/6 

6/6 

5/6 

aA 

o/5 

aA 

aA 

aA 

3A 

0/2 

b,c,o  ! 

b,b,d 

b,c»d 

b,cfld 

b,b*c 

b,c,c 

b,b,c 

s,a,b 

bjbjb 

d,d,d  1 

d„d9d 

d|d(d 

d9d 

0 

d 

0 

b 

3/3 

3/3 

3/3 

2/3 

3/3 

1/3 

3/3 

2/3 

1/2 

0/2 

a,b,b  | 

a9a,b 

b,b9b 

b,o 

a,b,c 

c 

a9a,b 

b9c 

a 

'i'ABLS  it<»»Oonttnued 


0/6  0/6 


1/3  j  2/3  2/3 

b  1  b,b  asb 


Congestion 


iyn 

/,  d 


Presence  of  gelatinous 
marrow 


::  1/6 

i  b 


3/6  6/6  6/6 

aj>bsb  b„bffb  I  a^b/b 

CtjO  bpC^o  |  b^b^b 


3/6 

ajbjb 

CjOjd 


3/3  2/3 

a5bjb  b,b 


0/6  2/6 

bse 


0/3  0/3 


3/3  2/3 

b,b,b  a9a 


3/6  3/6 

bpO 


3/6 

b#Gj>C 

csd 


6/6  |  6/6  6/6  b/k  6/6 

bsb9b  *  b,b5b  a,b,b  5  byb,o  b,bpb 

b,bfle  |  b,b5o  b,c#o  f  o  c,e,d 

3/3  3/3  3/3  3/3  3/3 

s^bjb  r  b^CjC  k  a^b<pb  j  b*>0jc  c^c^c 


6/6 
a^CjO 
C  j  0 


95 


TAKE  ii««Gontinued 


(Days  Fost-irradiatlon) 


6 

n 

8 

9 

10 

n 

12 

13 

i4  I 

15 

o/5 

2/6 

a#b 

2/6 

aab 

3/6 

aflasb 

3/6 

8jCpd 

3A 

a,b9b 

2/4 

a,o 

4A 

b,b,b 

c 

3A 

o,c,d 

4A 

b,C50  1 

d 

2/2 

c,c 

3/3 

b^o^c 

3/3 

a,b,o 

3/3 

b9bjC 

3/3 

a9c,d 

3/3 

a9bsc 

3/3 

a9d9d 

3/3 

b,c,c 

3/3 

a9b,d 

2/2 
c,d  | 

2/2 

d9d 

o/5 

6/6 

b,b,b 

b,b,c 

6/6 

A^CpC 

c,c,d 

6/6 

a, a„b 

b, o9o 

6/6 

bjb^c 

4A 

bjbab 

a 

4A 

c 

4A 

a,c,c 

c 

3A 

a,b9o 

3A 

3/2 

b 

3/3 

a9a9b 

3/3 

b9b,c 

3/3 

a,a,b 

2/3 

a,b 

3/3 

a,b9b 

1/3 

b 

3/3 

a9a9b 

2/3 

a,b 

2/2 

0/2 

o/5 

5/6 

a«b,b 

c#o 

6/6 

a,b*b 

CjC  pQ 

6/6 

bjbpb 

2/6 

c,c 

3/4 

a 

3/4 

b 

2/4 

a9b 

1/4 

a 

oA 

0/2 

0/3 

0/3 

0/3 

0/3 

3/3 

.  A 

0/3 

0/3 

0/3 

1/2 

1/2 

o/5 

6/6 

b, b,o 

c, o,o 

5/6 

a,a,o 

e,c 

3/6 

1  a,b,e 

oA 

oA 

!  3/4 

b 

oA 

qA 

3/3 

a 

2/3 

b,b 

0/3 

2/3 

a,b 

1/3 

a 

0/3 

1/3 

a 

0/3 

1  0/3 

3/3 

b 
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TABIF.  ^“Continued 


3 

h 

h/h 

6/6 

b„bsb 

a»b»b 

b 

b,c,b 

3/3 

3/3 

b,b,c 

a9b*c 

3/6 

3/6 

asas,b 

si#bj,b 

y‘3 

2/3 

a 

a,a 
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TABLE  u=«Contlaued 


(Days  Post^irradiation) 


6 

7 

8 

9 

10 

11 

12 

13 

— - 

lit 

r  - 

15 

6/6 

b|b|b 

b$bpb 

5/6 

a,asb 

b,b 

3A 

a,b#b 

V6 

asa,b 

0 

oA 

iA 

a 

iA 

b 

o/h 

O/it 

1/3 

a 

2/3 

a,b 

0/3 

l/3 

a 

2/3 

a,a 

0/3 

0/3 

V3 

a 

0/3 

0/2 

1/3 

a 

■ 

o/5 

1 

m 

5/6 

a,a$a 

bsb 

5/6 

apasa 

bsb 

6/6 

a,a9a 

bjb5c 

itA 

0 

itA 

a»  35b 

d 

1/lt 

a,a,b 

c 

3A 

a,b,c 

it/U 

a,a,b 

b 

3/3 

a,b,c 

2/3 

a,b 

2/3 

b,b 

2/3 

b,b 

2/3 

ia,b 

2/3 

asb 

2/3 

a,b 

3/3 

3/3 

avbAb 

2/3 

a,b 

2/3 

a»b 

o/5 

0/6 

0/6 

0/6 

0/6 

o/U 

iA 

b 

iA 

• 

oA 

OA 

1/3 

b 

0/3 

0/3 

0/3 

0/3 

0/3 

0/3 

0/3 

1/3 

b 

1/3 

a 

0/3 

2/S 

bsb 

U/6 

&5  &  jb 

b 

6/6 

a,b,b 

b9b,b 

6/6 

a, b9b 

b, b,b 

6/6 
b,b,b 
!  b,b,b 

2jk 

b,o 

3A 

a,a,b 

3A 

a,a,a 

itA 

a,a,b 

b 

2A 

a,a 

2/3 

a,b 

1/3 

b 

2/3 

afb 

2/3 

a,b 

3/3 

a,b,b 

3/3 

a,b,b 

3/3 

a»b»b 

1/3 

b 

1/3 

a 

1/3 

b 

.  . . 

3/3 

a 

' 

o/5 

0/6 

0/6 

0/6 

0/6 

oA 

oA 

oa 

oA 

cA 

0/3 

0/3 

0/3 

0/3 

0/3 

2/3 

a,a 

0/3 

0/3 

1/3 

b 

0/3 

0/3 

9B 


TABUS  5— Continued 
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Spleen®  There  was  moderate  to  marked  atrophy  of  ths  lyaohcid  tissue 
in  sll  or  The  animals  in  both  protected  and  unprotected  groups „  The  severity 
of  these  changes  appeared  to  bs  loss  in  animals  treated  with  KEA  prior  to 
protcn  exposure®  In  unprotected  animals,  the  atrophy  wqp  most  severe  in  the 
mice  sacrificed  from  two  to  six  days®  Mild  to  moderate  congestion  was  a  fre® 
quest  finding  in  most  of  the  mice  exposed  to  protons  whether  they  were  treated 
with  MEA  or  not®  Megakaryocytes  were  present  in  mild  to  moderate  degree  up  to 
the  seventh  day  but  ware  more  numerous  in  mice  killed  on  the  eighth  day  and  at 
later  times®  Polymorphonuclear s  were  seen  in  proton-irradiated  mice  with  high 
frequency  up  to  the  second  day®  Beyond  this  the  frequency  of  occurrence  dropped 
drastically  in  unprotected  mice  but  much  less  drastically  in  MEA~treated  mice® 

An  interesting  finding  was  the  faster  recovery  of  the  hematopoietic 
system  of  the  animals  given  MEA  prior  to  exposure®  In  this  group, recovery  of 
both  granulocytic  and  erythroblastic  elements  was  observed  in  mild  to  moderate 
degree  in  almost  all  mice  killed  from  the  second  day  oHo  On  the  other  hand,  :Ln 
mice  given  protons  without  protection,  recovery  of  hematopoietic  cells  was  only 
partial  during  the  second  weak®  Extramedullary  hematopoiesis  was  present  in 
the  spleen  sections  of  all  control  mica  in  mild  to  marked  degree®  Hemosiderosis 
was  noted  in  all  of  the  animals  ecc.amf.aed  in  varying  degrees® 

In  the  x^irradiated  mice  there  was  atrophy  of  lymphoid  tissue  which  did 
not  appear  to  be  consistently  different  in  mice  given  MEA  prior  to  x-ray  ex® 
posuroo  Foster  recovery  of  hematopoietic  cells ,  particularly  of  the  grasmLa- 
cyti'3  aurieo,  .was  observed  in  most  of  the  aioo  sacrificed  from  the  second  day 
oio  Both  protected  and  unprotected  animals  had  mild  to  moderate  congestion  of 
•tne  -spleen-,  Megakaryocytes  were  present  in  almost  all  x-rayed  animals  regard¬ 
less  of  the  treatment,  FPlv&orohcsuc.ioar'  'Leukocytes  were  observed  mere  fre¬ 
quently  in  unprotected  animals  during  'the  first  six  days  than  in  prelected  miccj 

Bone  marrmr®  la  most  of  the  mice  exposed  to  the  proton  radiation ,  Jjypo® 
eollularTSy  o£~' the  bora  marrow  in  moderate  to  very  marked  degree  was  observed® 
Hypooellularity  ma  l-iaa  frequent  and  'loss  severe  in  mice  pretyea'ced  with  MEA® 

In  bona  marrow  sections  of  ■aise  given  protons*  the  only  cells  which  remained  were 
the  sinusoid  lining-cells,  &  few  maPrvj-iqgQS,  reticular  and  fat  cells,  and  some 
quite  abnormal  megakaryocyte a®  Maximal  cellular  debris  was  observed  in  mice 
killed  12  hours  post-irradiation®  This  general  cellular  depletion  detectable 
at  3  days  persisted  in  proton~irrsl fated  animals  until  the  eighth  day®  Depleted 
marrow  was  characterised  mainly  by  greatly  widened  sinuses  and  by  the  replacement 
of  meet  of  the  hematopoietic  marrow  calls  resulting  in  a  gelatinous  marrow®  The 
latter  effect  was  seen  predominantly  in  unprotected  mice  killed  from  the  second 
to  the  eighth  dayso  Congestion  of  boras  marrow  was  a  frequent  finding  in  proton- 
irradiated  mice j  pretreatment  with  M3A  decreased  the  severity  of  this  effect® 

Th9  x-rayed  mice  also  exhibited  hyooeoiiJlarity  and  congestion  of  the  bene  marrow® 
Both  of  these  effects  were  somewhat  ies3  marked  in  the  mice  treated  with  MEA® 

The  gelatinous  marrow  condition  observed  here  was  very  mild  in  oev axdty  and  was 
never  &3  narked  as  in  the  mice  gives  protons®  Enhanced  recovery  in  HEA-treated 
animals  was  G3en®  At  first  only  erythroblests  could  be  seen,  while  later  hemato¬ 
poiesis  vaa  largely  granulocytic® 

TtiymuB  and  lymph  nodes ®  Atrophy  of  the  thymus  was  a  frequent  finding  in 
the  proton-irradiated  mice®  Treatment  with  K3A  prior  to  irradiation  prevented 
these  changes  only  slightly  with  repatriation  of  the  cortex  by  lymphocytes 
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appearing  to  be  somewhat  accelerated 0  Inversion  of  the  normal,  cortical- 
medullary  relation  was  observed  in  some  of  these  animals  at  the  second  day 
post-irradiation,,  In  the  thymus  a  sheet  of  epithelial  and  vacuolated  stroma 
cells  replaced  the  normal  cortex,  Fyknosis  and  quite  heavy  debris,  especially 
in  the  outer  cortex,  were  observed  within  12  hours  after  irradiation. 

The  histological  effects  of  proton  irradiation  on  mesenteric  and  media¬ 
stinal  lymph  nodes  were  similar  to  those  seen  in  the  thymus  except  that  lymphoid 
atrophy  was  often  acccrananied  by  sinusoidal  dilatation 0  In  MEA-treated  animals 
all  of  these  alterations  were  less  severe0 

Mild  to  marked  atrophy  of  the  lymphoid  tissue  of  the  thymus  and  of  the 
lymph  nodes  was  observed  in  the  mice  exposed  to  x-rays  and  these  changes  were 
diminished  in  MEA-pretreated  animals. 

Testis o  There  was  mild  to  marked  atrophy  of  seminiferous  tubules  in 
the  mice  exposed  to  proton  radiation,  This  change  was  slightly  milder  in  mice 
treated  with  MEA  prior  to  exposure 0  The  microscopic  picture  waa  characterised 
by  a  marked  decrease  in  the  number  of  germinal  cells,  particularly  spermato¬ 
gonia,  Appearance  of  vacuolated  and  other  bizarre  spermatogonia  and  spermato¬ 
cytes,  together  with  a  decreased  number  of  sperm  were  seen..  Mitotic  figures 
were  absent  in  -the  cells  of  some  tubules  and  markedly  decreased  in  many  otherso 
In  most  of  the  sections  from  these  animals,  a  mixture  of  atrophic  and  active 
seminiferous  tubules  were  seen. 

Focal  aspermatogenesis  mostly  mild  in  degree  was  observed  in  the  testis 
in  most  of  the  x-irradiated  mice  with  or  without  MEA  treatment,. 

Liver o  In  a  few  animals  given  protons,  both  with  and  without  MEA  treat¬ 
ment,  hemorrhagic  lesions  reminiscent  of  peliosls  hepatis  were  observed,  They 
were  scattered  throughout  the  liver  section  and  were  moderate  in  degreeo  The 
histopathological  picture  was  characterized  by  dissolution  of  the  liver  frame¬ 
work  and  extravasation  of  blood  into  the  spaces  so  formed. 

Another  finding,  more  pronounced  in  x-rnyed  than  in  proton-irradiated 
mice,  was  irregularities  in  the  size  and. shape  of  the  T  'hepatic  cell  nuclei,. 
These  changes  were  less  severe  in  the  animals  treated  with  MEA  prior  to  ex¬ 
posure  a 


Focal  hemorrhages  similar  to  those  soon  in  some  of  the  proton-irradiated 
mice  were  observed  in  liver  sections  from  two  MEA-treated  mice  killed  on  the 
seventh  and  eighth  days  after  x-irradiaticn,  The  irregularity  in  size  and  shape 
of  nuclei  wa3  present  in  moderate  degree  in  x-irradiated  animals  and  was  slight¬ 
ly  less  frequent  in  KEA-pratreated  mice.  Moderate  to  marked  focal  necrosis  of 
the  liver  waa  observed  in  several  of  the  x-rayed  mice, 

Bfain,  Focal  hemorrhages  were  observed  in  the  cerebral  and  cerebellar 
gray  matter  in  same  of  the  proton-irradiated  animals.  Hemorrhages  wore  in  some 
cases  confined  to  the  subdural  space  only.  Only  one  of  the  x-irradiated  animals 
had  a  hemorrhage  and  this  was  of  the  subdural  type. 

Lung,  A  mild  to  moderate  degree  of  peribronchial  and  perivascular  accumu¬ 
lation  oF  "chronic  Inflammatory  cells  was  present  in  most  of  the  control  and  ir¬ 
radiated  animalso  Acute  and  chronic  bronchitis  and  pneumonitis  was  observed  in 
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a  few  mice  given  proton  radiation  both  with  and  without  MEA  pretreatment 0 
Kild  to  moderate  congestion  was  present  in  a  few  experimental  animals* 
Ateleatasis,  emphysema,  and  hemosiderosis  were  observed  in  a  few  animals 
again  unrelated  to  treatment* 

Perivascular  accumulation  of  chronic  inflammatory  calls ,  aoute 
bronchitis,  and  pneumonitis  were  observed  in  x-rayed  mice  with  or  without 
treatment  with  MEAo  Mild  congestion  was  present  in  Ixmg  sections  of  a  fm 
x-rayed  r&cao 

Kidney,  Perivascular  accumulation  of  chronic  inflammatory  cells  was 
seen  in  mid  uo  moderate  degree  in  seme  of  the  control  md  irradiated  animals 0 
Congestion  was  found  in  sections  from  a  few  animals  and  in  one  mouse  a'  moder¬ 
ate  degree  of  hemorrhage  was  observed*  In  other  animals  given  protons,  cystic 
dilatation  of  the  pelvis  was  seen*  Similarly,  in  the  mice  given  3>raya,  con~ 
gestion  and  perivascular  accumulation  of  chrordc  inf lamma tory  coils  were  oh-= 
served,  both  in  mild  degree* 


Discussion 


The  gross  and  microscopic  observations  presented  In  thli3  report  are 
results  of  our  continuing  effort  to  compare  and  evaluate  differences  in  the 
bioloricaX  effects  of  high-energy  protons  and  x-lrradiaticn  and  modification 
of  their  effects  by  chemical  protective  agents  *  It  is  apparent  from  these 
studies  and  those  in  our  previous  report  (2)  that  acute  proton  exposure  is 
associated  with  a  decrease  in  spleen  weight 5  atrophy  of  lymphoid  tissue  in 
the  spleen,  thymus,  and  lymph  nodes*  hypocellularity  of  the  boae  marrow? 
atrophy  of  the  testis 5  peliosis  hepatie»llke  lesions  in  the  liver j  and 
hemorrhages  in  the  brain*  All  of  these  effects  were  also  seen  in  x-lrradl® 
ated  mice*  Thus,  it  would  appear  that  differences  in  the  pathology  from 
these  two  types  of  radiation  are  more  quantitative  than  qualitative,. 

However,  when  MSA  was  given  prior  to  radiation,  differences  which  may 
be  regarded  ns  qualitative  did  appear*  Tims,  the  atrophy  of  the  spleen  was 
decreased  in  mice  treated  with  KEA  prior  to  proton  exposure*  This  protective 
effect  was  not  observed  in  tha  spleens  of  x~ Irradiated  mice*  A  seoond  inter° 
esting  finding  wa3  a  differentially  enhanced  noraatopoietdc  recovery  in  the  mice 
treated  with  MEA  prior  to  exposure*  15 EA  stimulated  recovery  of  both  the  granule- 
cytlc  and  erythroblastic  elements,  but  it  appeared,  although  the  differences 
were  slight,  that  granulocytic  recovery  was  more  pronounced  in  proton-irradiated 
mice  during  the  first  few  days  after  irradiation,  while  in  the  x-irradiated  mice 
erythroblastic  elements  oredoraiaat&cl .  over  granulocytic o  This  difference  wao 
observed  ohly  at  3,  I4,  and  f>  days  and  dlsapneared  later, 

A  nunber  of  other  findings,  not  as  unexpected  as  the  preceding  ones, 
but  still  having  interesting  implications  were  made*  Hypocellularity  of  bone 
marrow  was  decreased  in  the  animals  that  had  KEA  pretreatraent ,  and  enhanced 
cellular  recovery  was  observed*  In  the  bone  narrow  sections,  early  recovery 
proceeded  mainly  via  myeloblastic  elements  regardless  of  -She  kind  of  radiation* 

Another  interesting  cathc-logic  finding  in  the  present  study  was  atrophy 
of  seminiferous  tubules  in  the  testes  of  irradiated  mice*  This  losion  viae 
slightly  more  pronounced  in  proton-irradiated  nice  and  was  less  severe  in 
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MEA-treated  animals©  There  was  only  a  alight  reduction  of  spermatogonia  and 
spermatocytes  in  both  proton  and  x-rayed  animals©  Loss  of  spermatogenesis  was 
observed  in  proton-irradiated  mico  by  the  eleventh  post-irradiation  day. 

Kaplan  and  lyon  (3)  and  Maisin  ct  al©  (U,5)  have  indicated  that  MSA 
does  not  protect  germ  cells  against  x-ray  injury e  On  the  other  hand,  other 
investigators  (6,7)  have  suggested  that  MSA  can  inhibit  the  transient,  steri¬ 
lizing  effect  of  ionising  radiation,, 

The  third  interesting  finding  waB  hemorrhage  in  the  liver  and  brain. 

The  hemorrhagic  lesions  in  the  liver  were  quite  rerainiecent  of  peliosis  hepatis 
in  humans©  Inflammatory  changes,  liver  cell  necrosis,  and  a  variety  of  other 
factors  have  been  implicated  in  the  pathogenesis  of  peliosis  hepatis  in  humans 
(8-ll)<,  Kent  and  Thompson  (12)  suggested  that  the  development  of  the  blood 
pools  is  produced  by  dilatation  of  certain  groups  of  sinusoids  which  subse¬ 
quently  fill  with  bloods  Such  liver  lesions  ware  observed  here  in  one  x-rayed 
mouse. 


Summary 

lo  The  radiation-induced  decrease  and  subsequent  recovery  of  spleen  weight  Is 
similar  in  proton-  and  x-irradlated  mice}  acroe  protection  against  splenic 
weight  loss  by  MSA  was  observable  for  both  types  of  radiations 

20  Atrophy  of  the  lymphoid  tissue  in  the  spleen,  thymus,  and  lymph  nodes  was 
observed  in  mice  exposed  to  UUO  Mev  proton  or  250  Kvp  x-ray.  In  protcn- 
irradiated  mica,  MEA  decreased  the  severity  of  this  effect  in  the  spleen 
while  in  x-lrradiated  mice  MEA  did  not  produce  this  effect. 

3o  Enhanced  recovery  of  hematopoietic  cells  was  observed  in  MEA-treated  mice, 
granulocytic  elements  being  first  to  recover  in  proton-irradiated  mice 
while  erythroblastic  elements  were  the  first  to  appear  in  x-rayad  mire© 

Uo  Bone  marrow  hypocellularity,  as  well  as  gelatinous  marrow,  was  less  fre¬ 
quently  observed  in  MEA-treated  animals© 

5o  Enhanced  hematopoietic  recovery  of  the  bone  marrow  was  predominantly  myelo- 
blastic  regardless  of  the  type  of  radiation  uard© 

6©  Focal  aspermatogenesis  produced  by  proton  and  x-irradiation  appeared  to  be 
diminished  by  pretreatraent  with  MEA0 

7o  Lesions  similar  to  peliosis  hepatis  in  humans  were  observed  in  proton- 
irradiated  mice  with  or  without  MEA  treatment©  Similar  lesions  were  ob¬ 
served  in  one  of  the  x-rayed  mice© 

80  Subdural  hemorrhages  and  hemorrhages  of  the  gray  matter  in  cerebrum  and 

cerebellum  were  present  In  a  few  mice  exposed  to  high-energy  protons,  and  In 
*  x-rayed  mouse© 
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THE  INFLUENCE  OF  EXPOSURE  TO  LOW  LEVELS  OF  GAMMA  OR  FAST  NEUTRON 
IRRADIATION  ON  THE  LIFE  SPAN  OF  ANIMALS 


'IVg,  The  Time -Course  of  Survival  in  Proton-  or  X-irradlated  Mice 
Prefci'sufced’wTfch  £ hsmica Fl-’ro Lectors 


Do  Go  Oldfield,  <J0  Boull,  V0  Plizak,  A„  Hasegawa  and 
Ao  Sandberg 


This  report  concerns;  The  time-course  of  survival  in  mice  total-body 
irradiateBr^TiigSL'anergy  (UliO  Met)  protons  or  by  medium  energy  (250  Kvp)  x-rays 
with  and  without  pre-ir radiation  treatment  with  2 -me reap to a th/lam in  e  hydro- 
chloride  (MEL)  or  p-aminopropiophanon 3  (PAPP)o 

Iasaeoiate  or  ultimate application  of  the  results!  The  results  reported 
here  are  required'  for~doESrairrEg  the  relat ionF’betvTaerT* the  survival  of  proton- 
irradiated  mice  with  and  without  chemical  proprotection  and  that  of  x-irradiated 
mice  similarly  treated,.  The  analysis  of  survival- versus- time  functions  has  re¬ 
lation  to  histological  data  already  obtained  in  this  laboratory'  (1,2)  detailing 
the  nature*  extent,  and  temporal  development  of  changes  following  irradiation 
by  high-energy  protons  and  medium-energy  x~rays0  The  analysis  is  also  related 
to  certain  r-jt tho dologic al  questions  concerning  the  quantitative  asst-semont  of 
radiation  d*v  age  and  of  protection  in  experimental  animals  ,  .rod  .-c-rco-viing  the 
inter -comparison  of  such  measure*)'.- ,*ta  with  oech  otter  for  \r.*r  cu,  t  and 
types  of  radiation  and  chemical  protectors 0 

■ir  \*c  *»  *\  v  v  *J> 

Tho  present  status,  oi  th>-  j ..  :;*  protection  pragma  this  3ab..*ratory 
maybe  briefly  cjuntitari s.t.d  as  folio..,  it  two  experimental  lam  (Series  A  and 
Series  S)  mc-i  thus  f'&r  using  !j?/J  I"  .'  protons  have  shown  (3,lt*  5)  that  both  MEA 
and  PAFP  car  protect  CFi_  male  nice  in  the  age  range  19-5  weeks  against  lethality 
as  measured  by  conventional  indices  such  as  LD^q/,q's  and  DRF  a<.  But  these 
studies  have  also  shown  the  exiobenct*  of  a  differential  protective  effect  in  the 
sense  that,  whereas  MFA  is  mow  affective  than  PAPP  for  protc-n  doaos  in  the 
vicinity  of  the  30-c’ay  raolethni  coco-  f<*r  x-ray  midlethol  doses,  the  reverse 
ia  t rue ,,  with  PAPP  being  more  effective  then  MEA ,  This  result  might  bo  attri¬ 
buted  primarily  bo  events  occurring  during  irradiation,  and  thus  relate  either 
to  qualitative  differences  in  the  nature  of  the  energy  deposition  produced  by 
protons  and  x-rays,  or  to  qualitative  differences  in  th3  interaction  of  the  pro¬ 
tectors  with  chemical  species  proceed  during  irradiation..  Or  fcha  result  might 
be  attributed  primarily  to  events  occurring  after  irradiation,  and  thus  relate 
to  qualitatively  different  sequelae  which  develop  from  what  are  initially  only 
quantitative  differences  produced  by  irradiation  in  the  pros erica  of  tho  pro¬ 
tec  live  agent. 

To  explore  these  several  possibilities  in  depth  will  undoubtedly  require 
some  extension  of  the  investigative  program  in  the  direction  of  (a)  more  accurate 
determinations  of  the  linear  energy  transfer  distributions  for  each  of  the 
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radiations}  (b)  comparative  measur events  of  the  interaction  of  protective 
substances  with  molecular  components  of  irradiated  cells,  (c)  quantitative 
histopathologic  data  on  the  kinetics  of  radiosensitive  cells  in  irradiated 
mice,  and  (d)  analysis  of  the  development  of  lethality  with  time  in  popu¬ 
lations  of  irradiated  miceo  The  present  report  is  concerned  with  certain 
aspects  of  the  last  problems 

Materials  and  Methods,?  Since  detailed  presentations  of  the  physical 
and  bi ol ogi’caTTecTiniqueB'  "employed  have  been  made  in  previous  reports  (3jh)p 
only  the  me^or  features  of  the  experiraental  design  are  given  here„  These  are 
shown  in  Tables  1  and  2? 

t  F.«g»lfes 

in  Tables  3  and  h  are  presented  fractional  survival  data  to  20  weeks 
post- irradiation  obtained  in  Seri ce  A  for  chemically  protected,  proton- 
irradiated  sties*  Survival  data  for  i\ap rotsetsd  mice  of  Series  A  which  re¬ 
ceived  pro  Wti,  have  been  given  in  a  prior  report  (U),  Table;?  $  and  6  give 
survival  data  for  the  Series  B  protected  and  unprotected  proton- irradiated 
group;?  to  UU  weeks  post-irraoiatica..  Tables  1,  6,  and  9  give  similar  data 
for  the  Serie?  A  x-ray  irraedatiens  to  vO  weeks  post-irradiation* 

The  istsnoerd  deviation  ixi  'lie  tables  is  calculated  on  the  assumption 
that  deaths  within  each  group  of  ide©  st  a  particular  dose  level  obey  binomial 
statistics,  and  that  the  fractional  survival  observed  in  this  group  is  a 
reasonable  estimate  of  the  fractional  t-urvival  that  would  ba  observed  5.n  a 
large  populat  ion  of  mice  The  number  m  is  the  initial  numbs*’  of  mice,  not  in¬ 
cluding  ar.y  i  tat  c  led  curing  irradiation  or  during  the  first  two  <dfys  post- 
irraaiatiorn  In  the  control  groups,  the  number  of  nice  excluded  from  analysis 
due  to  immediate  death  (during  irradiation)  or  due  to  short- term  death  (two 
days  post-irradiation)  is  negligible,-  In  groups  receiving  M3A  or  PAPP  before 
irradic-tiop,  the  excluded  mice  comprise  about  5>  to  l$?>  of  the  initial  number* 


In  vj.ow  of  the  probable  multiplicity  of  processes  witch  can  It- ad  to 
an  animal* a  death,  and  in  view  of  the  variable  time  intervals  tint  such 
processes  may  require  in  different  mice,  it  is  not  unreasonable  to  regard 
the  initial  development  of  mortality  in  irradiated  mice  as  a  random  process, 
formally  analogous  to  radioactive  decoy,,  In  this  case,  the  fractional  sur¬ 
vival  should  decrease  exoonentially  with  time*  When  the  dabs  of  Tables  3 
through  9  are  plotted  smilogaritkuically,  the  survival  points  for  early 
death*  do,  in  fact,  follow  a  straight  line  reasonably  veil..  The  experimental 
data  depart,  however,  from  the  simple  decay  model  in  two  ways  s  first,  there 
is  frequently  a  lag  or  delay  before  any  deaths  at  all  occur;  second,  the  "de¬ 
cay11  rate  is  net  constant  at  later  tines0  The  behavior  of  the  survival  points 
with  time  c -n  ba  better  approximated  by  a  set  of  line  segments,  fitted  by  eye 
to  the  data.,  using  for  each  lino  segment  those  successive  points  that  lie 
within  the  calculated  standard  deviation-  The  fitting  procedure  starts  with 
the  initial  point r.  and  moves  progressively  to  points  measured  at  la.  ter  tinea c 

All  data  of  Tables  3  through  9  have  bean  plotted  and  examined,  but 
only  Eciiccttd  curves  are  exhibited  for  the  purpose  of  discussion  at  this  timo. 
The  nunariiwl  analysis  o;'  all  of  the  data,  to  be  presented  in  a  later  report- 
will  us  uc«'.::»p-inif-d  either  by  lxno  aegnenos  or  continuous  curves  approximating 
the  survival  points,  7n  the  present  report  only  the  mr  jor  features  of  the  data 
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TABLE  1 

Specification  of  Irradiation  Parameters 


Parameter 


Protons 


X-*raya 


!! 


Accelerate 

Energy 

Flux  rate  or  current 

Pulse  width 
Pulse  repetition  rate  j; 

II 

External  filter  ':i 


170-inch  synchrocyclotron 


WiO  Mev 


General  Electric  Maximar  HI 
or  Keleket 

250  Kvp 


OoL  -■  liO  2:  10^°  protons/  |  15  raa 

SSC  O 


8®75  rcillisecj 
|  ^0  pulses/seco 


Uoo  micro  see  3  <> 

70  pulses/sac o 

loll  gm<>/cm^  (Mylar  plus  air)  t  l/h  nune  copper  plus  1  rcmo  alum0 


Size  of  external 

collimator  15 


h  inch.83  x  h  in  c  has 


FsD 


{ focused  beam) 
Backseat  ter  material  (o  l/h  inch  luoite 

9  inches  >:  9  inches 


(none) 


75  C®3o 


Beam  aize  at  irraii- 
ation  surface 


1 

Approx-,  dose  rate  in  |';j  IjO  -  80  rad/r&n 


phantom 


1 


j  1  inch  lucite 

I 

{  ;0  or  h5  cm0 

1; 

h0  rad/rain 


no 


TABLE  2 

Specification  of  Chemical  and  Biological  Parameters 


Par  meter 

Drag  doses  o  ,  ■>  .  4  „  «  w 


Mouse  strain  .-«o»,»ocn„u« 

SeX  o  o  o  ~i  j  a  u  t*  o  ;  o  t.  o 

Age  of  irradiation  0  <,  a  -  o  o  » 

Caging  v  c  u  '  j  t  •  ■  a  -  a 

Feeding  «  c  .<.««>•>  o  j 

Survival  check  ,,  ,.  u  0  s  0  «  * 


Specification 

i»i»  1.  » iommi 

MEAs  225  mgm;/kp;ra03  aqueous  solution 

PAPPs  30  ragmo/kgjmc  in  $0%  aqueous 
propylene  glycol 

Water  or  propylene  glycols  3#  of  body 
weight 

Carworth  Farms  CF^ 

Male 

Hi  to  2h  weeks 

12  or  feuer  micQ/TxSbrlS  stainless  e&ge 

Rockland  Moust.  Diet  plus  water ?  available 
ed  libitum 

Daily  to  30  days 3  weekly  thereafter 


in 


TABLE  3 

Fractional  survival  versus  Time  Post-Irradiation  for  Mice  Given 
PAFP  Prior  to  Proton  Irradiati on  (Series  A) 


D  ®  absorbed  dcvsej  t  °  poat-irradiatlon  bice <> 
m  «  initial  number  of  nice 


Error  terra  is  the  calculated  standard  deviation 


1X2 


TABLE  k 


Fractional  Survival  versus  Tima  Post»Xrradiation  for  Mice  Given 
KEA  Pricsr  to  Proton  Irradiation  (Series  A) 


Vj  (rads) 

t  (Days)  ' 

235 

351 

_  _  - . i 

1.68 

591 

020 

3 

o01 

lo00  * 

oOl! 

lo00  »  c01 

1,00  t 

,01 

1.00  * 

,01 

1„00  t 

r.OX 

6 

9 

! 

,97 

,03 

12 

0  91 

,03 

o97 

c03 

15 

o9b 

o0b 

,86 

,06 

18 

■ 

21 

>91 

o05 

28 

Mem 

o02 

,0b 

,87 

,06 

,83 

.06 

3? 

o95 

o03 

,81 

,C6 

U2 

,78 

,07 

,7b 

.07 

b9 

,69 

oOfi 

56 

| 

,66 

,08 

63 

! 

i 

70 

.97 

,03 

,76 

,07 

77 

,93 

oOU  i! 

,97  ,03 

,86 

.06 

,63 

,08 

8b 

.95  ,0b 

!  ,83 

,06 

91 

,92  ,0b 

100 

10b' 

i  ,90 

-Ob  i 

f 

,7.3 

,07 

,60 

,06 

Ilk 

1 

121 

o 8b  .06 

| 

126 

,81  0C6  ( 

133 

'<  ,95 

*oU 

,78  ,0? 

t 

,70 

,08 

lbO 

. 

i 

i 

m 

!  1,1 

37 

S 

37  _ 

1 

;  35 

i 

_ 

37 

35 

L 

D  «  absorbed  desej  t  **  poat-irr acK  ation  time. 


m  u  initial  nutter  of  nice. 

Error  tern  in  the  calculated  standard  deviatica. 
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table;  5 

Fractional  Survival  versus  Time  Post^Irradiation  for  Mice  Given 
Vehicle  Only  Prior  to  Fret on  Irradiation  (Series  B) 


D  “  absorbed  dess 3  t  c  post-irradiation  tiirte0 
m  c  initial  number  of  mice 

Error  term  is  the  calculated  standard  deviation 
a 

Use  larger  value  of  tc 


TABLE  6 


Fractional  Survival  versus  Time  Post^Xrradiation  for  Mice  Given 
PAPP  or  MEA  Prior  to  Proton  Irradiation  (Series  B) 


m  «  initial  number  of  mice 


Error  term  is  the  calculated  standard  deviation 
sUBe  larger  value  of  to 


FABLE  ? 


Fractional  Survival  versus  Fiiae  Post^Xrr adi ation  fa?  Mice  Given 
Vehicle  Only  Prior-  to  X»Irrad±ation  (Series  A) 


a  »  initial  mscbsr  of  ;nico , 


Error  tern  is  the  calculated  standard  deviation- 
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TABLE  8 


Fractional  Sui.-vi.val  versus  liras  “ost^Isradiation  for  Mice  Give® 
PAPP  Prior  to  X~Irradiation  (Series  A) 


D  “  absorbed  dosej  t  a  tpost~irradiation  time,, 
n  13  initial  number  of  mice. 

Error  term  io  the  calculated  standard  deviation. 


tjU?rOH‘f'SvOVOOO— 3Cr-  O'JT.-P'-P’VjJ  UtoMHH 

vo  ro \n  c» uj  cS-j  nS u>  6">vo  muiojHFO>h  covn. ro  vo  O'Ui 


TABLE  9 


Fractional  Survival  versus  Tims  Post^Irradiation  for  Mice  Given 
MEA  prior  to  X«Irradiation  (Series  A) 


ra  =  initial  number  of  nri.ceo 


Error  term  is  the  calculated  standard  deviation-. 
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obtained  thus  far  will  be  described,-.  These  can  be  verified  by  inspection  of 
the  tabular  data  or  of  the  illustrative  curves  discussed  later* 

Speaking  generally,  the  curves  for  photon-irradiated  groups  and 
x »dr radiated  groups  (with  or  without  prefcreatmenfc  with  either  protector)  are 
Similar*  The  behavior  of  all  of  the  curves  can  be  described  as  were  the  un¬ 
treated  proton -Irradiated  groups  in  a  preceding  report  (ii)  *  The  initial  death 
rates  increase  with  increasing  radiation  dose;  the  initial  rate  of  deatS  is 
succeeded  by  a  secondary  rate  of  death  proportional  to,  but  smaller  than,  the 
initial  rate;  tKS"transifcion  from  initial  rats  to  secondary  rate  occurs  earlier 
in  time  and  at  a  lower  survival  for  larger  dosasj  for  low  dcses,  the  initial 
rate  appears  to  bs  preceded  and  followed  by  periods  during  which  the  rate  of 
death  is  aero* 


Discussion 


Tha  initial  death  rates  for  the  various  groups  can  each  be  approximated 
by  single  numbers  giving  the  slops  of  the  line  segment  through  the  survival 
points o  Therefore  this  death  process— initial  death  neglecting  any  initial  lag 
during  which  the  death  rate  is  aero— has  the  soma  functional  fora  (exponentially 
decreasing  with  time)  for  all  groups*  In  this  83nse,  initial  death  varies  only 
quantitatively  over  all  of  the  groups*  However,  when  the  secondary  death  rates 
also  are  considered  and,  even  mors,  when  the  various  delays  or  lags  are  con¬ 
sidered,  it  ia  evident  that  the  fora  of  tha  function  which  can  represent  this 
behavior  must  be  more  complicated  than  exponential  to  fit  the  observed  survival, 
even  for  a  single  type  of  radiation  and  a  single  protector*  It  would  be  per¬ 
missible  to  introduce  two  additional  constants:  one  associated  w ifch  the  par- 
ticular  drug  used,  its  mode  of  scaiinlat-ration,  etc. 3  the  other  stemming  from 
the  fact  that  the  exponential  "decay"  of  survival  is  not  constant*  (The  values 
cf  these  constants  could  he  determined  from  the  survival  data  for  various  radi¬ 
ation  doses  with  ana  without  protection-)  If  the  data  could  be  fitted  by  3uch 
a.  procedure,  the  behavior  of  the  curves  for  a  single  type  of  radiation  and  a 
single  protector  could  again  be  regarded  as  differing  only  quantitatively  for 
those  groups*  If  the  Bara©  function  could  bo  used  to  represent  the  survival 
data  for  both  types  of  radiation  and  both  protectors,  tha  survival  behavior 
could  be  regarded  as  qualitatively  the  same  for  all  groups. 

An  example  of  c  trial  function  which  night  be  invest? gated  in  thl3 
connection  is 


-<gfD(I  -  e~^fc) 

1  +  pG 

q  -  c- 

whero  £  is  tro  fractional  nrombe-  of  nice  surviving  to  tirao  Jj,  D  ia  the  absorbed 
dose,  and  G  i3  the  aoncer.tratio,t  of  protector  in  the  on  5 malT  The  constant  C C 
depends  cn  the  typo  of  racistionj  the  constant  £  ,  on  the  typo  of  drug;  and  the 
constant  £  ,  0 a  the  population  of  rico  used. 

However,  if,  aj  ia  likely,  th«  data  for  bath  rad b tic ns  ana  both  pro¬ 
tectors  could  not  be  fitted  by  a  a in gif  function,  a  rich  more  complicated 


situst ion  eiaaes-.  The  relation  one  seeks  now  ia  not  that  between  a  certain 
set  of  constants,  such  as  ,  sf  in  the  equation  above,  but  rather  a  re- 

lation  between  two  or  more  different  survival  functions *>  This  relation,  when 
applied  to  one  survival  function,  must  generate  the  other  survival  function 
not  merely  at  one  time  for  one  dose  but  over  the  entire  range  of  interest  of 
these  variables.^  In  other  words,  we  describe  the  differences  in  the  behavior 
of  two  survival  functions  by  specifying  the  transformations  required  to  con¬ 
vert  one  into  the  other*  This  relation  of  survival  functions  to  each  other 
constitutes  the  conceptual  mechanism  for  making  comparisons  between  different 
regimes  of  treatment*  To  pass  from  the  concept  to  the  practical  analytical 
tool  requires  that  the  change  in  type  of  radiation  or  type  of  drug  bo  speci¬ 
fied  in  a  quantitative  way*.  For  radiation,  this  specification  might  be  the 
average  linear  energy  transfer  to  molecular  constituents  of  a  cellj  for  a 
drug,  it  might  be  some  index  of  reactivity  or  of  extent  of  reaction  with 
molecular  constituents  of  a  cell*  The  rationale  for  extending  the  investi¬ 
gative  program  can  thus  be  seen  to  have  an  analytical  basis „ 

Tills  broad  tieafcment  of  radiation  survival  and  protection  contrasts 
naturally  to  the  more  usual  methods  of  analyzing  survival  data  by  restricting 
the  rang®  of  the  variables^  Selecting  particular  values  of  the  variables  as 
fiducial  30-day  assay,  pOp  survival,  etc„)  yield  various  familiar 

indices  LDgQ/^o*  STtjo?  etc-)*.  The  gain  in  simplicity,  however,  is 

accompanied  toy  a  loos  of  information  regarding  the  relation  of  the  variables 
to  each  othor  except  at  the  •  fiducial  points..  The  loss  may  or  may  not  bo  sig^ 
niflcant  lb  r  any  given  investigation*.  In  the  case  of  radiation-induced  lethali¬ 
ty  and  protsetion  against  lethality,  where  the  biological  events  observed 
(an_mal  de a ;h )  is  removed  in  time  from  the  inducing  physical  event,  neglect  of 
time  as  c.  /triable  of  interest  could  easily  produce  data  which  wan  misleading 
from  an  int  srora  catlve  point  of  view-. 

An  additional  point  regarding  the  analysis  of  the  survival  data  con¬ 
cerns  the  reproducibility  of  the  survival  curves  frem  run  to  run*,  The  indi¬ 
cations  fro  a  a  comparison  of  Series  A  with  Scries  B  curves  for  proton-irradi¬ 
ated  animal 3  are  that  (a)  reasonable  agreement  (within  1  standard  derivation 
over  the  entire  curve)  occurs  in  roughly  one-quarter  of  the  groups  (e,g„, 

Figures  1  aaa  2)j  (b)  deviations  appreciably  greater  than  1  standard  deviation 
also  occur  in  about  one-quarter  of  tho  groups  (e~g*>.  Figures  3  and  Uj  (p)  about 
half  of  ths  f  roups  lie  botracn  tfrisja  extremes,  with  agreement  between  sane 
portions  c-f  the  curve  but  not  between  others  (Figures  5  and  6)*. 

The  import one  -  of  time  ao  a  pyrometer  together  with  the  fact  that 
systematic  differences  between  survival  curves  tend  bo  be  obscured  by  fluctu¬ 
ations  in  the  tima-covr^o  of  survival  make  it  reasonable  to  commence  the  de¬ 
tailed  analysis  of  radioprotection  using  the  concept  of  survivance»  This 
quantity,  defined  as  the  time  integral  of  the  survival  curveg  between  speci¬ 
fied  limits,  has  teen  discussed  in  a  preceding  report  (U) ,  The  use  of  this 
quantity  ca  t  bo  regarded  no  a  <  orem'-ae  between  preserving  timo  as  an  ex¬ 
plicit  ’.ntr.vnsformed  variable)  and  smoothing  certain  of  the  fluctuations  in 
Eurd.vhl  which  occur  from  tixosnir ■•xt  '  o  experiments 
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.  '•rvival  versus  time  in  cF-,  male  nice  total-body  irradiated  by  high-energy 
(.  uO  I:-.,.)  proterc  o»  by  realm  energy  (?£o  Kvd)  x-rays  with  and  without 
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0*2 


iiO  80  120 

Tircs  (Da7a) 


Figure  1-  Surviving  fraction  of  mice  given  vehicle  only  versus  ti!U3 
after  820  reds  proton  irradiation  (Serios  A).. 
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.0  k0  80  120 

Time  (Days) 


Figure  2o  Surviving  fraction  of  nice  given  vehicle  only  versus  time 
after  82k  rads  proton  irradiation  (Series  B)o 
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Figure  3*  Surviving  fraction  of  race  given  vehicle  only  versus  time 
after  939  rada  proton  irradiation  (Series  A) 


123 


Tima  ^Daya) 

Figure  In  Surviving  fraction  of  ndc®  given  vehicle  only  versua  tine 
after  935  rads  proton  irradiation  (Series  B)0 


I2h 


ho  80  120 

Time  (Days) 


Figure  5  =  Surviving  fractions  of  nice  given  vehicle  only  versus  tine 
after  >91  redo  proton  irradiition  (Series  A) , 
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Fiffuro  6  3  S orviving  fraction  of  Biics  given  vehicle  only  versus  tine 
after  61a  rads  proton  irradiation  (t'eries  B)<, 
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pre-irradiation  treatment  with  2~rnercaptoethylamine  hydrochloride  or 
p-ain  inop  rap  iophenone  is  reported;, 

2s  General  properties  of  the  survival  curves  and  differences  between  curves 
for  replicated  runs  are  described ® 

30  The  analytical  basis  for  a  detailed  comparison  of  the  entire  course  of 
survival  curves  Is  discussed;, 
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